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Abstract
The new family of single-atom-thin two dimenional （ 2D ） germanium-based
materials with the graphene-like atomic arrangement, germanene and hydrogen
terminated germanene (GeH), have shown great potential for electronic and optical
device applications due to their large band gap and easily tailed electronic properties.
The related remarkable chemical, physical and electronic properties could be regarded
as a necessary condition for their promising applications in the area of energy storage
and conversion. However, the systematic developments and investigations of the
germanane and germanene based nanomaterials and the related applications are still
urgently lacking.

In this doctoral research, the germanene-based nanomaterials could be original
synthsized via the topochemical deintercalation method, and their outstanding
properties and potential applications were intensively studied. For the first work, the
GeH nanosheets could be produced with the lateral size of tens of microns, and the
related basic properties of GeH nanosheets have been investigated. In addition, the
intrinsic mechanical properties of GeH nanosheets have also been investigated via
atomic force microscope (AFM), which possess Young’s modulus of around
0.36±0.0069 TPa through nanoindentation experiment, exceeding the values in
graphene oxide and Ti3C2Tx reported before.

The large size GeH nanosheets' competitive mechanical properties have allowed their
potential applications extend to flexible electronics. With further investigations, it is
revealed that the hydrogen terminated germanene not only maintains high carrier

Abstract

ii

mobility but also presents strong light-matter interaction with a direct band gap,
exhibiting great potential for photo-electronics. Therefore, in the second work, fewlayer GeH nanosheets with controllable thickness are successfully prepared by a
solution-based exfoliation-centrifugation route. Based on the above consideration, a
robust photoelectrochemical (PEC)-type detector, which could be extended to the
flexible device, has been developed by simple using the GeH nanosheet film as an
active electrode. It shows that the device exhibits an outstanding photocurrent density,
suggesting a path to promising high-performance, self-powered, flexible photodetector.
It also paves the ways to a practical application of germanene.

Then we have found that when GeH nanosheets are annealed under an inert
atmosphere, the dehydrogenation process will happen. The GeH would transform into
germanene thin flakes, introduce the rich H defects, and dramatically increase
conductivity. In that condition, the 2D germanene could be regared as a high-capacity
host in Na-ion batteries. The layered structure could rule out the volume expansion
when sodium ions transparent in the germanene nanosheets. Herein, the massive and
defective two-dimensional germanene nanosheets based anode electrode are fabricated
and demonstrated for the NIBs, exhibiting enhanced cycling performance and
outstanding rate capacities and showing a pseudo-intercalation mechanism during
charge/discharge process.

In summary, these demonstrated germanene and hydrogen terminated germanene
nanosheets with comparable mechanical properties, fast electron mobility, and the
tunable energy band structure make the germanene-based nanomaterials promising to
build an outstanding performance for energy application fields.
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Figure 2.1 (a) Crystal top and side views of the buckled honeycomb arrangement of
the predicted free-standing germanene. The blue balls and pink balls represent
buckled-up and buckled-down atoms, respectively. Reproduced with permission.

[14]

Copyright 2018, Wiley-VCH. (b) Zoomed-in STM image of 3 × 3 germanene/√19 ×
√19 Pt(111) superstructure (V = 1 V, I = 0.05 nA). Reproduced with permission.

[4]

Copyright 2014, Wiley-VCH. (c) Evolution from experimental STM image to
simulated STM image of 2 × 2 germanene/3 × 3 Al(111) superstructure (V = 1.3 V).
The dashed white rhombus marks the unit cell (UC) of 2 × 2 germanene phase.
Reproduced with permission.

[5]

Copyright 2015, American Chemical Society. (d)

Raman spectrum of free-standing germanene obtained from the calculated vibrational
spectrum convoluted with a uniform Gaussian broadening 10 cm–1 in width.
Reproduced with permission. [15] Copyright 2013, Springer Nature. (e) High-resolution
STM image of 1 × 1 germanene on Sb(111) substrate (V = 0.2 V, I = 0.2 nA). The
green and light blue areas represent Sb(111) substrate and germanene, respectively. A
ball-and-stick model of Sb(111) is applied to illustrate the relative atomic locations of
Ge and Sb. Reproduced with permission. [12] Copyright 2016, IOP Publishing. (f) Highresolution STM image of √7 × √7 germanene/4 × 2√3 Au(111) superstructure (V = 0.1
V, I = 50 pA). The green square stands for the unit cell of the √7 × √7 superstructure.
Reproduced with permission.

[10]

Copyright 2017, American Chemical Society. (g)

Top left panel: Experimental Raman spectrum of germanene on Au(111). Bottom left
panel: calculated vibrational density of states (vDOS) of both free-standing germanene
and germanene in the √7 × √7 superstructure. The peak Ⅰ and peak Ⅱ correspond to the
out-of-plane transverse optical mode and E2g mode, respectively. Right panel:
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Simulated vibrational modes of free-standing germanene and √7 × √7 germanene, with
the green vectors in the insets showing the eigen displacements of the E2g mode and
oTO mode. Reproduced with permission.

[10]

Copyright 2017, American Chemical

Society.
Figure 2.2 (a) STM image of 3√3× 3√3 germanene on Au(111) (V = -1.1 V, I = 0.775
nA). Reproduced with permission.

[2]

Copyright 2016, Nature Publishing Group. (b)

STM image of 1× 1germanene/MoS2 (V = 0.5 V, I = 0.3 nA). Reproduced with
permission. Copyright 2016, American Physical Society. (c) STM image of 1× 1
germanene/√3× √3 Cu(111) (V = 0.06 V, I = 0.07 nA). Reproduced with permission.
[8]

Copyright 2017, Wiley-VCH. (d) Schematic diagram of the evolution of the

structure of √3 × √3 germanene/Ge(111)/Ag(111) from the relaxed model of the
atomic surface structure to the experimental STM image (from left to right). Ge1, Ge2,
and Ge3 stand for the buckled-up Ge atoms (blue balls) of the √3 × √3 superstructure,
the buckled-down Ge atoms (red balls) of the √3 × √3 superstructure, and the Ge atoms
(purple balls) of bulk Ge(111). Reproduced with permission. Copyright 2018, WileyVCH. (e) ARPES results showing the cone-like dispersion measured in 3√3× 3√3
germanene on Au(111). Reproduced with permission.

[2]

Copyright 2016, Nature

Publishing Group. (f) Differential conductivity recorded on a germanene island (black
curve) and the surrounding MoS2 surface (red curve). Reproduced with permission.
Copyright 2016, American Physical Society. (g) Bias dependence of the tunnelling
conductance dI/dV, obtained on the surface of monolayer (ML) (red) and bilayer (BL)
(black) germanene, respectively. Inset: STS spectrum collected from the bare Cu(111)
and repeatedly verifying the condition of the tip (V = 1.0 V, I = 0.1 nA). Reproduced
with permission.

[8]

Copyright 2017, Wiley-VCH. (h) dI/dV curves of √3 × √3
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germanene collected at 77 K. The position of the DP is labelled by red dashed line.
Reproduced with permission. Copyright 2018, Wiley-VCH.
Figure 2.3 (a) Schematic diagram of the conversion of Zintle phase CaGe2 into GeH.
(b) low-magnification TEM image of GeH flakes. Inset is the corresponding electron
diffraction pattern collected down the 0001 zone axis. (c) Magnified TEM image of
GeH flakes. (d) Raman spectra of GeH (red) and Ge (blue), highlighting the difference
in the E2 peak (inset). (e) AFM image (top), optical image (inset), and the height profile
of the exfoliated monolayer GeH sheet along the line in the AFM image (bottom). (ae) Reproduced with permission. Copyright 2013, American Chemical Society.
Figure 2.4 (a) Single-crystal selected area electron diffraction (SAED) pattern of
GeCH3 collected down the [001] zone axis. Reproduced with permission.

[53]

Copyright 2014, Springer Nature. (b) Cathodoluminescence spectra of germanane
modified with -CH3OCH3 (orange), -CH2CH=CH2 (green), -H (blue), and -CH3 (red).
Reproduced with permission.

[55]

Copyright 2016, American Chemical Society. (c)

Photoluminescence spectra of exfoliated GeCH3 nanosheets during the annealing
process. Reproduced with permission.

[53]

Copyright 2014, Springer Nature. (d) (1)

TEM image and (2) SAED pattern of the GeH before annealing; (3) TEM image and
(4) SAED pattern of the GeH after annealing. Reproduced with permission. Copyright
2016, AIP Publishing.
Figure 2.5 (a) Galvanostatic charge/discharge of a GeH anode at different current
densities. (b) Rate performance of a GeH anode. The GeH insertion and extraction
capacities are shown by black squares and red circles separately. The insertion and
extraction capacity for carbon matrix alone are plotted by black and red lines
separately, it only displays a small value for overall capacity. Besides, the Coulombic
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efficiency are represent by blue circles. (c) Cycling performance of a GeH anode at 1
C. (a-c) Reproduced with permission. [61] Copyright 2017, American Chemical Society.
(d) Calculated charge density difference plots for Li or Na ions on germanene. The
green areas display electron losses, and the red areas show electron gains. Reproduced
with permission. Copyright 2016, Elsevier. (e) Photocatalytic H2 production by GeH
under different conditions. The blue line represents GeH/Pt (1.0 wt%) in H2O-CH3OH.
The yellow line represents GeH/Pt (1.0 wt%) in H2O. GeH in H2O-CH3OH is
represented by the green line. The performance of GeH/1.0 wt% Pt in H2O-CH3OH
under dark conditions is displayed by the black line. The red line shows GeH powder
under only visible-light irradiation. (f) Changes of the relative concentration C/C0 with
irradiation time during a cycling experiment under visible light. (e, f) Reproduced with
permission.

[44]

Copyright 2014, Royal Society of Chemistry. (g) Catalytic reaction

steps for CO + H2 → HCHO due to M on germanene. (h) The corresponding energy
for CO + H2 → HCHO, with the reaction catalyzed by M on germanene. (g,h)
Reproduced with permission. [66] Copyright 2016, Elsevier.
Figure 3.1 General procedure of this thesis work.
Figure 3.2 Fundamental principles of XRD.
Figure 3.3 Schematic diagram of the electron-matter interaction depicting its different
products.
Figure 3.4 Schematic diagram of the x-rays generated via EDX.
Figure 3.5 Schematic diagram of the imaging methodologies of TEM and Diffraction.
Figure 3.6 (a) Basic working principle for an AFM; (b) Diagrammatic representation
of a force-distance curve.
Figure 3.7 Schematic illustration of the photomission process.
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Figure 3.8 Schematic illustration of the basic principle of Raman spectroscopy.
Figure 4.1 GeH Single crystal are exfoliated into ultrathin nanosheets with large size
by ultrasonic.
Figure 4.2 (a) Low magnification dark field TEM image of GeH nanosheets; (b) The
high magnification image of the corresponding framed area in Figure S2a; (c) EDS
mapping of the framed area.
Figure 4.3 XRD patterns of 2D Bi2MoO6/BiOBr vertical heterostructures fabricated
via hydrothermal treatment.
Figure 4.4 (a) Raman mapping of the Raman intensity of E2g mode in the area in Figure
1g; (b) Raman mapping of the Raman intensity of A1g mode in the area in Figure 1g;
(c) Raman spectra of GeH nanosheets with different layers; (d) Raman mapping of the
Raman frequency of E2g/A1g mode in the area in Figure 1g.
Figure 4.5 (a) Optical microscopy image of the large size free standing GeH
nanosheets on a SiO2/Si substrate with micro-wells of 1.5 mm in diameter; (b)
Schematic nanoindentation of a suspended GeH membrane with an AFM tip; (c) AFM
image of the GeH nanosheet marked in the square of (a); (d) the corresponding height
trace of the red solid line in (c).
Figure 4.6 (a) Force-defection curves of large size GeH nanosheets at different loads,
inset: a typical force curve as the contilever approaches and retracts from the GeH
surface; (b) Comparison of loading curves for different layers of GeH nanosheets. (c)
Comparison of 2D Young’s modulus and volumetric Young’s modulus of GeH
nanosheets with different thickness.
Figure 5.1 (a) Process of GeH synthesis. (b) XRD pattern of CaGe2, GeH nanosheets
(GeH-NS), and GeH single crystal (GeH-SC). Insets: optical images of CaGe2, GeH-
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NS, and GeH-SC. (c) Height distribution histograms for GeH nanosheets centrifuged
at 500 rpm, 1000 rpm, 1500 rpm, and 2000 rpm. (d) Optical image, AFM image, and
its corresponding height profiles for GeH nanosheets centrifuged at 1500 rpm. (e)
TEM image of GeH nanosheets. Inset: corresponding SAED.
Figure 5.2 Process of GeH synthesis. (a, b, and c) Photographs of CaGe2, CaGe2/GeH
suspension, and GeH single crystal, respectively. (d) Raman spectra of GeH single
crystal deposited on Si/SiO2 substrate. (e) UV-Vis absorption spectrum of GeH
nanosheets. Inset: representative Tauc plot of band-gap energy of GeH nanosheets. (f)
XPS spectra of the Ge 2p spectra region for GeH.
Figure 5.3 Schematic diagrams of the hexagonal crystal structure of (a) GeH
monolayer and (b) GeH bulk.
Figure 5.4 Optical image of GeH single crystal (a) and corresponding high
magnification image (b) of the framed area. (c) Low magnification SEM image of GeH
single crystal. (d) High magnification SEM image of GeH single crystal. (e) SEM
image of exfoliated GeH nanosheets deposited on a Si/SiO2 substrate. (f) Low
magnification dark field TEM image of GeH nanosheets. Top inset: EDS mapping of
the individual GeH nanosheets. Bottom inset: representative EDX spectrum of the
GeH nanosheets.
Figure 5.5 (a) Photocurrent density of GeH photodetector in 0.5 M KOH under
different external potentials (0 V, 0.3 V, 0.6 V). (b) Photocurrent density of GeH
photodetector in 0.5 M H2SO4 under different external potentials (0 V, 0.3 V, 0.6 V).
Figure 5.6 (a) LSV measurements of GeH in 0.5 M Na2SO4 in the dark and under light
irradiation. (b) Photoresponse of GeH photodetector under external potential from 0 to
1.0 V in 0.5 M Na2SO4 for seven cycles.
Figure 5.7 (a) Photocurrent density of GeH photodetector under external potential from
0 to 1.0 V in 0.5 M Na2SO4. Inset: Schematic representation of GeH based PEC
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photodetector. (b) Rise time (tr) and decay time (td) of photocurrent density (Ip). (c)
Photocurrent density of GeH photodetector under different power intensities (60, 80,
100, 120 and 140 mW cm-2) at 0 V. (d) Photocurrent density and responsivity as
functions of the power intensity at 0 V. (e) UV-Vis absorption spectrum and
photocurrent density of the GeH photodetector in 0.5 M Na2SO4 under different light
wavelengths (365, 436, 546, 630, 670, and 730 nm) at 0 V.
Figure 5.8 Long-term stability test of the Ge-H photodetector with time duration of 1
h, 1 d, and one week in 0.5 M Na2SO4.
Figure 5.9 (a) Photocurrent of GeH photodetector under different temperatures (21 oC,
40 oC, 60 oC, 80 oC) at 0 V. (b) Comparison of the photocurrent for the GeH based
photodetector under different temperatures. (c) In-situ temperature-dependent XRD
pattern of GeH single crystal.
Figure 5.10 (a) Photocurrent density of GeH nanosheets centrifuged at various speeds
(500 rpm, 1000 rpm, 1500 rpm, and 2000 rpm) under simulated light irradiation. (b)
Average rise time and decay time of four kinds of GeH photodetector. (c) UV-Vis
absorption spectra of four kinds of GeH nanosheets. (d) EIS plots and fitting curves of
four kinds of GeH nanosheets. Inset: Randles equivalent circuit. (Z΄: real part of the
impedance; Z΄́́: imaginary part of the impedance.)
Figure 5.11 (a) The photocurrent density as a function of the rise time for the four
kinds of GeH nanosheets: single exponential fit. (b) The photocurrent density as a
function of the decay time for the four kinds of GeH nanosheets: double exponential
fit. (c) Representative Tauc plot of the band-gap energy of the four kinds of GeH
nanosheets.
Figure 5.12 The AFM images of GeH nanosheets centrifuged at (a) 2000 rpm and (b)
1500 rpm, which presents a much smaller lateral dimension of GeH nanosheets
centrifuged at 2000 rpm than that centrifuged at 1500 rpm.
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Figure 5.13 Electronic band structure of monolayer (a), bilayer (b), four-layer (c), sixlayer (d), and eight-layer (e) GeH.
Figure 5.14 (a) Electronic band structure of bulk GeH. (b) Comparison of the band gap
values (Orange square curve), electron effective mass (Green spherical curve) and hole
effective mass (Green stars curve) for 1L, 2L, 4L, 6L, 8L, and bulk GeH, where L =
monolayer. Inset: The differential charge density of GeH monolayer, and the charge
density is set to 0.008e. Yellow: charge accumulation region; blue: charge depletion
region.
Figure 5.15 (a) Schematic illustration of spin-coating GeH nanosheets on ITO
substrate. (b) Optical image of the bendable device made from GeH nanosheets on the
ITO substrate. (c) Schematic representation of the flexible GeH photodetector in a
flexed state. I-t curves of the flexible GeH photodetector bent to different degrees of
(a) 0 o, (b) 82 o, and (c) 143 o under a bias potential of 0 V under simulated sunlight.
Figure 6.1 The synthesis and characterization of GeH, germanene and Ge
nanomaterials. (a) Procedure of GeH, Germanene and Ge synthesis and their
corresponding structures; (b) SEM image of GeH single crystal; (c) TEM image of
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Chapter 1
1. Introduction
1.1. Research Background
The prospect of exploiting the fascinating electrodynamics of ultrathin two
dimensional (2D) nanomaterials has initiated an intensive exploration towards the
sophisticated 2D system in nanotechnology applications in the area of energy,
electronics as well as sensors. Among them, the most striking has been the emergence
of graphene, which has accelerated the pursuit of practical applications. Graphene,
consisting of a one-atom-thick layer of carbon atoms arranged in a planar honeycomb
structure with sp2 hybridization, was first discovered in 2004 by Geim and Novoselov
et al. After exfoliating graphite into ultrathin nanosheets, almost all the atoms of
graphene are exposed to the surface, which could significantly modify their electrical,
thermal, and mechanical properties because of the improved specific surface area and
the honeycomb arrangement in the graphene structure.

[1-3]

Therefore, graphene has

been widely explored in various areas of physical and chemical applications, including
electronic devices,

[4, 5]

chemical sensors,

[6, 7]

catalysis,

[8, 9]

batteries,

[10]

and other

energy conversion systems. [11-13] There remain, however, the challenges of integrating
graphene into present semiconductor technology due to its inapplicability in the
silicon/germanium based semiconductor industry and its zero-band-gap nature.

[14,15]

Analogously, the widespread use of graphene as the active medium in solar cells is
technically difficult due to its low intrinsic optical absorption. [16,17]
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In these circumstances, other elemental two-dimensional (2D) materials (the so-called
Xenes), including silicene (Si analogue of graphene), germanene (Ge analogue of
graphene), and stanene (Sn analogue of graphene) and their ligand-functionalized
derivatives, the Xenes, have been intensively explored to be complementary to
graphene. [18-24] Among them, germanene has emerged as a leading contender, mainly
due to its large spin-orbit gap (24 meV), which make it an ideal candidate to exhibit
the quantum spin Hall effect (QSHE).

[25,16]

Compared to other Xenes, another vital

advantage of germanene is that it can be more easily functionalized, owing to its easier
successful synthesis by a chemical strategy. Consequently, germanane's physical and
chemical properties can be feasibly tailored. It is expected to be used in the field of
energy conversion and storage.

[26-28]

Based on the interesting crystal and electronic

structures, the 2D germanium-based layered nanomaterials, including hydrogenated
terminated germanene (GeH), are intensively investigated and regarded promising
candidates for optoelectronics, battery as well as other energy storage and conversion
applications.

1.2. Objectives of the Research
This thesis aims to explore the physical, structural and chemical properties of the
germanene-based nanomaterials (mainly GeH and germanene) and then conduct to
investigate the applications in energy storage optoelectronics. In this thesis, several
goals are expected to be achieved:
•

Investigation of the physical, structural and chemical properties for the 2D GeH
nanomaterials.

•

Exploration of the mechanical properties of ultrathin GeH nanosheets through

Chapter 1: Introduction

3

indentation experiments via atomic force microscopy.
•

Exploration of GeH based photoelectrochemical (PEC) -type photodetector,
mainly focus on the photoelectronic properties.

•

Exploration of germanene based sodium-ion batteries (NIBs), mainly based on
the investigation of thermal properties of GeH nanosheets.

1.3. Thesis Structure
The thesis focuses on the fundamental properties of the facial synthesized germanene
based nanosheets for promising application in energy storage and optoelectronics,
including photoelectrochemical detector and batteries. The scope of this thesis work is
briefly outlined as follows:
Chapter 1 introduces the background of 2D germanene based nanomaterials and
points out the significance of this work.
Chapter 2 presents a literature review on recent progress on the exploration and
development of germanene and its counterparts functionalized by chemical groups
with their remarkable chemical, physical, and electronic properties as well as their
potential applications.
Chapter 3 shows the detailed fabrication methods of GeH and germanene and the
structural, chemical and photocatalytic characteristic techniques for germanium-based
2D nanosheets.
Chapter 4 exhibits the fundamental properties of the ultrathin GeH nanosheets and
illustrates the mechanical properties of the ultrathin GeH nanosheets on the SiO2/Si
substrate indentation method by AFM.
Chapter 5 explores the chemical, photocatalysis, and electronic properties of 2D
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hydrogen functionalized germanene, and a robust PEC-type photodetector is
developed by merely using GeH film as an active electrode.
Chapter 6 investigates the energy storage properties of germanene based NIBs by
constructing the germanene as the anode electrode, compared with GeH nanosheets
based NIBs and Ge nanoparticles based NIBs.
Chapter 7 summarizes the works in this thesis and provides some further prospects
for exploring and applying 2D germanium-based materials.
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Chapter 2
2. Literature Review
2.1. Introduction
A new family of single-atom-thin 2D germanium-based materials with the graphenelike atomic arrangement, germanene and functionalized germanene have attracted
intensive attention due to their large band gap easily tailored electronic properties.
Unlike sp2 states of carbon atoms in graphene, germanium atoms tend to adopt mixed
sp2 / sp3 hybridization in germanene, making it chemically active on the surface and
allowing its electronic states to be easily tuned by chemical functionalization.
Impressive achievements in terms of energy storage and catalysis applications have
been reported by using germanene and functionalized germanene.

In this chapter, the recent progress is reviewed based on the exploration and
development of germanene and its counterparts functionalized by chemical groups
with their remarkable chemical, physical, and electronic properties as well as their
potential applications. We firstly introduce the epitaxial growth of germanene on
different metallic surfaces by molecular beam epitaxy (MBE) and structural studies by
low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM).
The crystal and electronic structures of epitaxial germanene are also reviewed.
Secondly, the chemical synthesis of hydrogenated germanene from the topochemical
deintercalation of pure CaGe2 and doped CaGe2 is presented with the other types of
experimental functionalization of germanene investigated subsequently. The
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corresponding physical, electronic, thermal, and amorphization properties of
germanene (and its derivants) and their air stability due to tuning by different surface
terminated ligands are included in this section. Finally, we summarize the applications
of germanene and functionalized germanene based nanomaterials in energy storage
and catalysis, including both experimental results and theoretical predictions.

2.2. Germanene
Monolayer germanene possesses a low-buckled honeycomb structure, which is similar
to that of silicene. Its lattice is composed of two vertically separated sub-lattices, in
contrast to the graphene lattice, which is confined to a plane. It is theoretically
predicted to have an intrinsic band gap as high as 23.9 meV at the Dirac point due to
its greater spin-orbital coupling effect than graphene.

[1]

Given these characteristics,

germanene is expected to have a high charge carrier mobility, exhibit the QSHE, and
have nontrivial topological properties.

[2, 3]

Germanene is therefore regarded as a

promising candidate for a Dirac fermion material in applications such as high-speed
and low-energy-consumption field-effect transistors. [3]

Germanene has been successfully fabricated by epitaxial growth on metallic substrates,
such as Pt(111), [4] Al(111), [5-7] Cu(111), [8] Au(111), [2, 9-11] and Ag(111). It was found
that the reconstructed germanene on the metallic surface is likely to lose its massless
Dirac fermion characteristic due to hybridization, strain, and electronic doping effects.
[4, 5, 10]

Recently, attempts to epitaxially grow germanene on non-metallic substrates,

including semimetal Sb(111) [12] and semiconducting MoS2 [13] were also reported in
attempts to achieve its intrinsic electronic properties. The lattice structure of free-
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standing germanene is displayed in Figure 2.1a, in which the buckling degree and bond
lengths are 0.7 Å and 2.44 Å, respectively. [14, 15] Figure 2.1b, c, e, and f presents the
various reconstructions of epitaxial germanene subjected to different substrates rather
than 1 × 1 free-standing germanene: 3 × 3 germanene/√19 × √19 Pt(111) superstructure,
2 × 2 germanene/3 × 3 Al(111) superstructure, 1 × 1 germanene on Sb(111) substrate,
and √7 × √7 germanene/4 × 2√3 Au(111) superstructure, respectively. To identify and
confirm the 2D characteristics of these structures, Raman measurements are the best
choice. With respect to the phonon properties of free-standing germanene in Figure
2.1d, the E2g peak corresponding to the in-plane doubly degenerate optical branch is
located at around 290 cm-1, and another main peak is located at about 165 cm-1
corresponding to the out-of-plane transverse optical (oTO) branch. [15] Among all these
superstructures, only the Raman spectrum of germanium on Au(111) has been
investigated due to the short time since the experimental discovery of germanene in
2014. The first layer of germanium-gold alloy acts as a “buffer layer” with a disordered
structure with no Raman signal. For the second layer, as shown in Figure 2.1g, the √7
× √7 superstructure (in terms of 1 × 1 free-standing germanene) has two distinctive
Raman peaks at 179 cm-1 and 228 cm-1, which are correlated with the oTO and E2g
modes, respectively. The oTO peak shows a weak dependence on the biaxial tensile
strain, close to the calculated value. However, the E2g peak is softened obviously, and
the electron-phonon coupling is enhanced significantly as a result of large tensile strain
and electron doping.

[10]

Tensile strain leads to the frequency of E2g mode being

downshifted to 240cm-1 by taking via calculation formula.

[10]

As for the electron

doping, specifically, the E2g mode interacts with the carriers in the honeycomb lattice
via dynamical perturbations due to the creation and annihilation of virtual long-
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wavelength electron-hole pairs across the gapless Dirac point. [16] The energy range of
the virtual electron-hole pairs is determined by the Fermi energy position, which is
expected to be lifted by the electron doping from the Au(111) substrate, inducing a
shift of E2g frequency.

[10]

Note that the Raman shift of E2g mode in germanene is

distinct to the other 2D materials, including graphene and transition metal
dichalcogenides, which is due to the epitaxy nature of germanene. [17-19]

Figure 2.1. (a) Crystal top and side views of the buckled honeycomb arrangement of
the predicted free-standing germanene. The blue balls and pink balls represent
buckled-up and buckled-down atoms, respectively. Reproduced with permission. [14]
Copyright 2018, Wiley-VCH. (b) Zoomed-in STM image of 3 × 3 germanene/√19 ×
√19 Pt(111) superstructure (V = 1 V, I = 0.05 nA). Reproduced with permission. [4]
Copyright 2014, Wiley-VCH. (c) Evolution from experimental STM image to
simulated STM image of 2 × 2 germanene/3 × 3 Al(111) superstructure (V = 1.3 V).
The dashed white rhombus marks the unit cell (UC) of 2 × 2 germanene phase.
Reproduced with permission. [5] Copyright 2015, American Chemical Society. (d)
Raman spectrum of free-standing germanene obtained from the calculated vibrational
spectrum convoluted with a uniform Gaussian broadening 10 cm–1 in width.
Reproduced with permission. [15] Copyright 2013, Springer Nature. (e) High-resolution
STM image of 1 × 1 germanene on Sb(111) substrate (V = 0.2 V, I = 0.2 nA). The
green and light blue areas represent Sb(111) substrate and germanene, respectively. A
ball-and-stick model of Sb(111) is applied to illustrate the relative atomic locations of
Ge and Sb. Reproduced with permission. [12] Copyright 2016, IOP Publishing. (f) Highresolution STM image of √7 × √7 germanene/4 × 2√3 Au(111) superstructure (V = 0.1
V, I = 50 pA). The green square stands for the unit cell of the √7 × √7 superstructure.
Reproduced with permission. [10] Copyright 2017, American Chemical Society. (g)
Top left panel: Experimental Raman spectrum of germanene on Au(111). Bottom left
panel: calculated vibrational density of states (vDOS) of both free-standing germanene
and germanene in the √7 × √7 superstructure. The peak Ⅰ and peak Ⅱ correspond to the
out-of-plane transverse optical mode and E2g mode, respectively. Right panel:
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Simulated vibrational modes of free-standing germanene and √7 × √7 germanene, with
the green vectors in the insets showing the eigen displacements of the E2g mode and
oTO mode. Reproduced with permission. [10] Copyright 2017, American Chemical
Society.

Theoretical and experimental investigations on epitaxial germanene were also carried
out with reconstructions. From theory, the simulation results reveal that the energy gap
opening at the Brillion zone centre is evoked by the symmetry-breaking perturbation
potential. It is also possible to tune the band gap in semimetallic low-bulked
germanene monolayers via an external vertical electric field and generate topological
phase transitions and helical zero-energy modes. [20, 21] Experimentally, angle-resolved
photoemission spectroscopy (ARPES) measurements have only been performed on
germanene on the Au(111) surface (Figure 2.2a and e), but the Dirac fermion
characteristic is controversial because of the parabolic energy-momentum dispersion
and the strong interaction between the pz orbitals of germanium and the metallic
substrate. [2, 11] Then, insulating MoS2 substrate was applied to reduce the interaction
(Figure 2.2b), and 1 × 1 germanene was obtained, showing a similar V-shapes scanning
tunnelling spectrum (STS) (Figure 2.2f). Unfortunately, the buckled germanene layer
also has two parabolic bands that cross the Fermi level at the Γ point, which might
suppress the anomalous quantum Hall effect and the transport properties found in 2D
Dirac systems. The strength of the germanene-substrate interaction is weakened in
bilayer germanene on Cu(111) surfaces (Figure 2.2c), where a V-shaped differential
conductivity curve is shown around the Fermi level as a typical feature of 2D systems
(Figure 2.2g).[8] As the STS is an integral result of the density of states (DOS), this is
not conclusive evidence for Dirac fermions. A linear-like energy-momentum
dispersion was recently obtained through STS mapping of √3 × √3 germanene on a
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semiconducting germanium film supporting by Ag(111) (Figure 2.2d and h), which is
derived from the strong quasiparticle interference and gives strong evidence of the
Dirac fermions in this phase. Based on such results, germanene holds great potential
as an excellent platform to realize applications in electronics, spintronics, and
optoelectronics. However, investigation of germanene's practical application has
challenged because of the massive synthesis of high-quality samples. The typical
synthesis of germanene is still limited to molecular beam epitaxy on substrates, which
could only produce slightly.

Figure 2.2. (a) STM image of 3√3× 3√3 germanene on Au(111) (V = -1.1 V, I = 0.775
nA). Reproduced with permission. [2] Copyright 2016, Nature Publishing Group. (b)
STM image of 1× 1germanene/MoS2 (V = 0.5 V, I = 0.3 nA). Reproduced with
permission. Copyright 2016, American Physical Society. (c) STM image of 1× 1
germanene/√3× √3 Cu(111) (V = 0.06 V, I = 0.07 nA). Reproduced with permission.
[8]
Copyright 2017, Wiley-VCH. (d) Schematic diagram of the evolution of the
structure of √3 × √3 germanene/Ge(111)/Ag(111) from the relaxed model of the
atomic surface structure to the experimental STM image (from left to right). Ge1, Ge2,
and Ge3 stand for the buckled-up Ge atoms (blue balls) of the √3 × √3 superstructure,
the buckled-down Ge atoms (red balls) of the √3 × √3 superstructure, and the Ge atoms
(purple balls) of bulk Ge(111). Reproduced with permission. Copyright 2018, WileyVCH. (e) ARPES results showing the cone-like dispersion measured in 3√3× 3√3
germanene on Au(111). Reproduced with permission. [2] Copyright 2016, Nature
Publishing Group. (f) Differential conductivity recorded on a germanene island (black
curve) and the surrounding MoS2 surface (red curve). Reproduced with permission.
Copyright 2016, American Physical Society. (g) Bias dependence of the tunnelling
conductance dI/dV, obtained on the surface of the monolayer (ML) (red) and bilayer
(BL) (black) germanene, respectively. Inset: STS spectrum collected from the bare
Cu(111) and repeatedly verifying the condition of the tip (V = 1.0 V, I = 0.1 nA).

Chapter 2: Literature Review

13

Reproduced with permission. [8] Copyright 2017, Wiley-VCH. (h) dI/dV curves of √3
× √3 germanene collected at 77 K. The position of the DP is labelled by the red dashed
line. Reproduced with permission. Copyright 2018, Wiley-VCH.

2.3. Functionalized Germanene
Since MBE fabrication cannot produce germanene or functionalized germanene in a
large quantity, recently, functionalized germanene, for example, germanane (GeH),
has been mass-produced through the topochemical deintercalation of CaGe2, which is
convenient for future application in the energy storage and conversion field. Apart
from the massive production, functionalized germanene can be more stable than freestanding germanene due to its lattice distortions. The functionalization of germanene
has been regarded as an effective strategy to tailor its band structure and electronic
properties. Several theoretical simulations have been reported on chemical
functionalization of germanene by hydrogenation and fluorination, organic functional
group termination, [22-27] foreign element doping (Ti, V, Cr, Mn, Fe, Ni, As, and Ga),
[28-31]
39]

and surface absorption of atoms or molecules (CO, CO2, H2O, NH3, and N2) [32-

. There have been several theoretical reports in which it was found that the

functionalized germanene could present intriguing physical and topological properties
relating to the QSHE, magnetic properties, [40] metallic ferromagnetism, [41] and highly
anisotropic optical responses. [42] These outcomes have inspired a flush of theoretical
research on modifying germanene via first-principles calculations, followed by
intensive attempts toward the chemical synthesis of stable germanene or
functionalized germanene layers. To date, only hydrogenated germanene has been
successfully prepared by topochemical deintercalation from CaGe2 single crystal.
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2.3.1. Synthesis of Germanane
The successful synthesis of GeH was first reported as early as 2000, based on the
topochemical transformation of epitaxial thin CaGe2 films at -30 oC, which showed
strong optical photoluminescencenear-infrared and indicated promising applications
in optoelectronic devices. [43] Recently, Bianco et al. employed the same method, but
with more dedicated characterizations and stable, 2D germanane nanosheets in singleand few-layer thicknesses were obtained. CaGe2, which is widely adopted as a
precursor, was synthesised via high temperature calcination. Stoichiometric amounts
of Ca and Ge were sealed in a quartz tube and heated at high temperature to achieve
the Zintl phase CaGe2. GeH was then obtained through a chemical ion exchange
method between GaGe2 and HCl, as illustrated in Figure 2.3a. The single crystal CaGe2
was immersed in concentrated hydrochloric acid at -40 oC. The reacted product was
then washed and separated. Yet, the GeH sample was obtained, which was 2 to 3 mm
in diameter less than 100 µm in thickness. [44] XRD analysis illustrated that the GeH
single crystal is a layered structure that could fit into 2H unit cell (2 GeH layers per
hexagonal c-unit cell spacing), presenting with a = 3.880 Å and c = 11.04 Å. It was
demonstrated that the interlayer space increased from 5.1 Å in CaGe2 to 5.5 Å in GeH,
which is similar to the observed height of single-layer GeH, as determined by atomic
force microscopy (AFM) (Figure 2.3e). The hydrogen termination of germanium (GeH)
with a layered morphology was then further confirmed by transmission electron
microscope (TEM) and Raman measurements (Figure 2.3b-d). It was also
demonstrated that the GeH product did not show apparent oxidization after 5 months
in the air and maintained good thermal stability in the ambient environment at the
temperature of 75 oC. Meanwhile, the GeH showed broad absorption over the visible
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wavelengths in diffuse reﬂectance absorption (DRA) spectroscopy, suggesting a band
gap of around 1.59 eV.

Figure 2.3. (a) Schematic diagram of the conversion of Zintle phase CaGe2 into GeH.
(b) low-magnification TEM image of GeH flakes. Inset is the corresponding electron
diffraction pattern collected down the 0001 zone axis. (c) Magnified TEM image of
GeH flakes. (d) Raman spectra of GeH (red) and Ge (blue), highlighting the difference
in the E2 peak (inset). (e) AFM image (top), optical image (inset), and the height profile
of the exfoliated monolayer GeH sheet along the line in the AFM image (bottom). (ae) Reproduced with permission. Copyright 2013, American Chemical Society.
Note that the layer stacking of the CaGe2 precursor can determine the polytype of GeH.
The unit cells for the above prepared CaGe2 have the 6R (six layers per rhombohedral
unit cell) stacking arrangement of germanium layers.[45,

46]

2H (two layers per

hexagonal unit cell) CaGe2 could also be synthesized according to the same procedure
mentioned above, except for using an excess amount of Pb as a reactive flux. [47] It has
been reported in the literature that GeH can also be transformed from reacted 1T (one
layer per trigonal unit cell) EuGe2, which is prepared by simply changing the reactant
from Ca to Eu.

[44, 48]

In addition, the doping of the CaGe2 precursor phase can
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influence the electronic properties of the resultant GeH. For example, Ga and As could
be incorporated into Zintl phase CaGe2 with the structure remaining intact for a
maximum of 1.1 % As and 2.3 % Ga in the germanium lattice after the topotactic
deintercalation.

[49]

The doped As- and Ga-GeH could stay stable in the ambient

environment for at least 24 h and presented decreased resistance towards watercontaining atmospheres, indicating water-activation of dopants on the material surface.
This phenomenon is similar to what was previously reported for P doped GeH. [50]

Recently, Pinchuk et al developed a new synthesis method for large-area GeH film. [51]
The CaGe2 thin films are first grown on Ge(111) wafer substrates via MBE, and then
CaGe2 could be converted into GeH films in the HCl solution. Recently, Amamou et
al. reported the synthesis and transfer of large-area epitaxial germanane on arbitrary
substrates, and its optoelectronic properties were investigated.

[52]

The GeH films,

which ranges from 1 to 600 nm in thickness and up to ~ 1 cm2 in area, were prepared
by electrochemical delamination based on bubble transfer and characterized by X-ray
diffraction (XRD) and photoluminescence, as well as energy-dispersive X-ray
spectroscopy. It was proved that this synthesis and transfer method is effective and
enables the possible application of GeH in the electronics and optoelectronics field.

2.3.2. Functionalized Forms of germanene and their Fundamental
properties
As is well known, the hydrogen terminated germanium (GeH) discussed above can be
topochemical intercalation transformed from CaGe2. DFT calculation shows that the
electron mobility of GeH is five times higher than that of bulk germanium and
experiments illustrate that the single crystal possesses an indirect band gap of 1.56 eV.
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The GeH has the intrinsic properties of thermal stability and long-term resistance to
oxidation, indicating a promising practical application in the optoelectronics, sensors.
Over the past few decades, kinds of functionalized germanene have been
experimentally synthesized to explore their fundamental properties, as shown in Table
1. Recently, efforts have been made to convert CaGe2 into organic-functionalized
germanene. The different surface terminated ligands that are compatible with
germanium could offer a powerful opportunity for tuning this material's properties.
The functionalized germanene could express a distinctive effects on the band gap,
thermal stability, and carrier mobility, which would be possible by terminating the
germanene surface with different ligands. Jiang et al. prepared GeCH3 via a facile,
one-step topotactic metathesis reaction of CaGe2 with CH3I (Figure 2.4a).

[53]

With

CaGe2 fully immersed in aqueous CH3I solution, CaI2 would dissolve in the aqueous
solution. The yield of GeCH3 was in the form of crystals ~1 mm in diameter and < 100
µm in thickness that shared the same honeycomb structure as the original CaGe2. It
was also proved that the band gap was increased by 0.1 eV, and the thermal stability
was enhanced to 250 oC after replacing -H with -CH3 (Figure 2.4b). Nevertheless, this
CH3I/H2O phase transfer route resulted in a small amount of oxidized germanane, and
later, they employed a new, improved route with CH3I in distilled CH3CN solvent,
showing no apparent oxidation. [54]

Further exploration of other organic-functionalized germanene crystals has been
conducted, and the framework structure and electronic structure could also be tuned.
Germanane was incorporated with small ligands by a processing method with minimal
steric crowding and the ligands including -CH2OCH3, -CH2CH=CH2, and -CH3. [55] As
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the ligands became larger and more electronegative, the Ge-Ge framework became
longer, narrowing the band gap. Two kinds of products, GeRxH1−x and Ge(CH3)1−xHx
(0 < x < 1), where R is a functional group, were synthesized. The former was prepared
by the reaction of CaGe2 with different organic groups, including -CH3, -CH2OCH3,
and -CH2CH=CH2. The latter was produced by the immersion of CaGe2 in different
stoichiometries of HCl that was mixed with CH3I/CH3CN.

Other topotactic reactions demonstrated that germanene from Zintl phase CaGe2
crystals could be transform into multilayer (bilayer or trilayer) germanene in CaGe2Fx
(0 ≤ x ≤ 1.8). [56] Specifically, CaGe2 single crystals were reacted with the ionic liquid
[BMIM][BF4] at 250 oC for 40 h to obtain CaGe2Fx compounds. During the fluoride
diffusion reaction, BF4– was decomposed into fluoride ions and then intercalated into
the CaGe2 crystal, which is similar to the reaction of CaSi2 with a BF4– based ionic
liquid. [57]
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Table 2.1 Properties and applications of functionalized germanene. X refers to halogen.
Name
GeH
GeCH3
GeCH2OCH3
GeCH2CH=CH2
GeCH2C6H5
Ge(CH2)2CH3
Ge(CH2)3CH3
Ge(CH2)6CH3
GeCH(CH3)CH2CH3
Multilayer
Germanene in
CaGe2Fx
Ge(111)Br
Ge flakes

Synthesis
methods
topotactic
deintercalation
topotactic
transformation
topotactic
transformation
topotactic
transformation
topotactic
transformation
topotactic
transformation
topotactic
transformation
topotactic
transformation
topotactic
transformation
Topotactic
reaction

Precursor

Properties

CaGe2, HCl

air stability, band
gap of 1.57 eV
high thermal
stability
band gap of 1.45 eV

bromination
halide-induced
self-limited
growth

CaGe2, CH3I
CaGe2, CH3OCH2X

Potential
applications
photocatalyst,
lithium batteries
optoelectronics
devices
-

Ref.

[55]

[44]
[53][54]
[55]

CaGe2,
CH2=CHCH2X
CaGe2, C6H5CH2X

band gap of 1.55 eV
-

creation of
lateral structure
-

CaGe2,
CH3(CH2)2X
CaGe2,
CH3(CH2)3X
CaGe2,
CH3(CH2)6X
CaGe2,
CH3CH2(CH3)CHX
CaGe2,
[BMIM][BF4]

-

-

[55]

-

-

[55]

-

-

[55]

-

-

[55]

heterogeneous
structure

[56]

Ge(111)H, CCl3Br
GeS, KCl

high hole mobility,
fast response rate

creation of
functionalized
germanene
phototransistors

There is an emerging route where the electronic and crystal structure of GeH is
adjusted by covalent functionalization, which could generate novel phenomena useful
for electronic or optoelectronic applications. One can understand how the electronic
properties of GeH change by synthesizing different germanene-based crystals with
small ligands. Incorporating different elements, including Eu, As, Ga, and Sn, into the
precursor CaGe2, is one way of tailoring the electronic structure of GeH.

[49, 53, 44, 60]

Another method to tune the properties of GeH is exchanging the terminated ligands on
the surface. The influences of ligand size and electronegativity on functionalization
density, the framework structure, and the electronic structure are being explored and

[55]

[57]
[58]
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established. [55] The results illustrate that lattice constants, Raman shifts, and band gaps
are influenced by the relative ratio of surface terminated groups on the germanane, in
a fashion analogous to Vegard’s Law. In addition, the band gap of germanane was
changed from 1.45 eV in GeCH2OCH3 to 1.66 eV in GeCH3, increasing by 15%, as
shown in Figure 2.4b.

The potential application of germanene and germanene-based 2D nanomaterials for
electronic or sensing devices strongly depends on thermal and air stability. GeH is
reported to show significant resistance to atmospheric oxidation based on Fourier
transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS)
measurements. Virtually no vibrational mode appeared in the range of 800-1000 cm-1
(corresponding to Ge-O) after air exposure of GeH for 60 days. After 5 months of air
exposure, 29.7 % Ge2+/3+ was detected by XPS, but only 10.1% Ge2+/3+ was left after
Ar etching of the surface (0.5 nm), suggesting that only the surface of germanane
becomes oxidized over time. Meanwhile, the thermal stability was also investigated
by thermogravimetric analysis (TGA), DRA, XRD, and Raman characterisations, with
the results demonstrating that the amorphization of GeH begins at 75 oC and is
complete above 175 oC, while one equivalent of hydrogen starts to be lost
(dehydrogenation) between 200 oC and 250 oC.

The structural properties of GeH were found to be sensitive to the temperature, and
amorphization was observed when the temperature was higher than 75

o

C.

Interestingly, surface functionalization of GeH can prevent such a structural transition
in practice by effectively enhancing the thermal stability of GeH. For example,
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functionalization of GeH with organic groups such as methyl could improve its thermal
stability, as demonstrated when the temperature was increased from 75 oC to 250 oC.
[53]

This was proved by the red-shift of 0.06 eV in the DRA spectra and the little change

in the powder XRD pattern, as well as the decreased intensity in photoluminescence
spectra at 250 oC (Figure 2.4c). The enhanced temperature stability has made GeCH3
an attractive candidate for electronic devices.

The GeH would be expected to be amorphized at an increased temperature, which
could indicate the extent of thermal stability. There are other reports in the literature
on the amorphization of germanane (Figure 2.4d).

[61, 62]

Pair distribution function

(PDF) measurements for GeH during annealing were employed. It was determined that
the GeH structure was amorphized during annealing due to the decrease in the
scattering intensity derived from in-plane Ge-Ge pairs. It was also confirmed that
thermally induced amorphization of GeH was not caused by chemical trace impurities
(Ge-Cl) via topotactic deintercalation of CaGe2 with different acids.
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Figure 2.4. (a) Single-crystal selected area electron diffraction (SAED) pattern of
GeCH3 collected down the [001] zone axis. Reproduced with permission. [53]
Copyright 2014, Springer Nature. (b) Cathodoluminescence spectra of germanane
modified with -CH3OCH3 (orange), -CH2CH=CH2 (green), -H (blue), and -CH3 (red).
Reproduced with permission. [55] Copyright 2016, American Chemical Society. (c)
Photoluminescence spectra of exfoliated GeCH3 nanosheets during the annealing
process. Reproduced with permission. [53] Copyright 2014, Springer Nature. (d) (1)
TEM image and (2) SAED pattern of the GeH before annealing; (3) TEM image and
(4) SAED pattern of the GeH after annealing. Reproduced with permission. Copyright
2016, AIP Publishing.

2.4. Applications

of

germanene

and

functionalized

germanene
A variety of applications for germanene and functionalized germanene in different
fields have been reported in recent years. In the following section, we will review the
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current applications using the novel materials that we believe will have a significant
impact on future technology.

2.4.1. Batteries
Germanene and functionalized germanene have been used or proposed to promise a
wide range of energy conversion and storage applications, especially for batteries.
Serino et al. utilized the 2D GeH nanosheet structure for lithium (Li) batteries to
moderate stress generated by high volume expansion of Ge based materials.

[63]

As

anode for Li-ion battery, a GeH-carbon composite displayed high energy densities of
nearly 1100 mAh/g over 100 charge/discharge cycles. Meanwhile, from the identical
cyclic voltammograms, this group demonstrated that, for Li-ion batteries, the lithiation
and delithiation by GeH and bulk Ge are similar. The lithium insertion and extraction
capacities for GeH-carbon anodes were measured by the constant-current method
(Figure 2.5a and 2.5b). [64] Figure 2.5a shows charge-discharge profiles of GeH anode
cycled between 2.5 and 0.1 V at different charge/discharge rates. The capacity between
C/10 and 2 C to is displayed reflects the performance of the material. Figure 2.5b
displays the maximum capacities for both GeH-carbon matrix anodes (black squares
and red circles, respectively) and pure carbon matrix anode (black and red lines,
respectively) at different cycling rates, where the maximum value of capacity is 1108
mAh/g when galvanostatic charging takes place at C/10. The retained capacity was
nearly 1110 mAh/g after the initial cycles. When the rate is increased, the charge
storage decreases. The capacity is 893 mAh/g at C/5, 720 mAh/g at C/2, 530 mAh/g
at 1 C and 265 mAh/g at 2 C. When the rate was returned to C/10, the capacity
increased. Figure 2.5c shows the GeH cycling performance, where the charge capacity
reached 341 mAh/g, and was maintained over 100 cycles, which indicates both a high
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capacity and high stability. This means that the material nano-architectures benefit
applications despite GeH conversion to an amorphous form after cycling.

Moreover, Mortazavi et al. used the first-principles density functional theory (DFT)
method to calculate and compare Na or Li-ion insertion on germanene films, in which
they identified the most stable binding sites and binding energies of single Na or Li
ions on germanene. As shown in Figure 2.5d, the hexagonal hollow sites display the
maximum energy for either Na or Li atoms on germanene sheets. As a result, the
electron density around Na or Li decreases, and the Ge atoms' density increases. This
is because electrons tend to be congested around Ge atoms. They also increased the
concentration of ions until the surface concentration reached full saturation, and the
binding energy remained almost constant. Based on the Bader charge analysis results,
they determined that the charge capacity was ~369 mAh/g for Li or Na ions deposited
on free-standing germanene sheets. This work provides a good way to develop
germanene for application as the anode in Na or Li batteries by using theoretical
solutions.

In another work, Zhu et al. used first-principles calculations to investigate
silicene/germanene, which was attached to MgX2 (X = Cl, Br, and I) to make Li-ion
batteries. [65] They found that Li will not agglomerate, and the capacity was high (443
mAh/g for silicene MgCl2, 279 mAh/g for germanene on MgCl2) in this system. For
this hybrid system, MgX2 enhanced the Li-ion number that could be stored by a oneunit silicene/germanene cell. The larger masses of MgBr2 and MgI2, however, could
influence these characteristics in applications. On MgCl2, the Li capacity for the
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Si/MgCl2/Si system reaches 68% for free-standing silicene, while the Ge/MgCl2/Ge
system even achieves 94% of the Li capacity using free-standing germanene. In
addition, the Li diffusion barriers at the interface in the hybrid systems are lower than
in free-standing silicene or germanene. Therefore, MgCl2 is a promising material for
the hybrid system, and the sandwich structures can enhance the performance of
batteries.

2.4.2. Catalysis
Germanene and functionalized germanene also exhibited great promise for
photocatalysis, a significant application for converting solar light into chemical and
electrical energy. Liu et al. used the ion-exchange method to synthesize GeH 2D
material.

[44]

In this experiment, they utilized rhodamine B (RhB) to estimate its

capability for degradation, in which they found the performance of GeH was higher
than that of N-doped P25. In this experiment, 82% of the RhB was degraded by GeH
in 4 minutes, while only 70% of the RhB was decomposed by N-doped P25 in the
same period. Figure 2.5e shows the photocatalytic hydrogen evolution under visible
light by GeH. In this experiment, the hydrogen generation rate was 13 µmol h-1g-1 for
GeH/Pt (1.0 wt %) in H2O, and the rate was 7 µmol h-1g-1 GeH in H2O-CH3OH. The
highest performance of nearly 22 µmol h-1g-1 was achieved by GeH/Pt (1.0 wt %) in
H2O-CH3OH. Moreover, as shown in Figure 2.5f, the cycling experiments for RhB
decomposition were repeated 10 times, in which stable H2 evolution was accomplished
under visible light irradiation for 24 h. In addition, the samples retained their initial
morphologies and structures after the photocatalytic reactions, which was confirmed
by characterization by scanning electron microscopy (SEM) and XRD. It means that
the GeH is stable and shows high photoreactivity during the photocatalytic reaction.
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Therefore, this work demonstrates the capabilities of the novel material GeH, which
shows a large potential for energy applications.

Lin et al. used DFT to investigate the catalytic ability, thermal stability, and electronic
properties of Ni, Pd, Fe, Au, Pt, and Ru adatoms on single layer germanene. [66] It was
suggested that the transformation of CO in H2 could proceed under Fe and Ru adatoms'
catalysis. From the DFT calculations, the single layer germanene has much higher
thermal migration barriers and larger adsorption energies than graphene. Then the
minimum-energy path (MEP) technique was employed to measure the catalytic
transformation of CO into hydrogen by adatoms. Figure 2.5g indicates that the reaction
prefers to take place by Eley-Rideal (ER) mechanisms. Firstly, a CO molecule is
adsorbed by a metal, M, to form solid M-CO. Secondly, hydrogen combines with
M∙CO, and produces an intermediate state, M-HCHO. Finally, the HCHO is extracted
from M. Figure 2.5h shows the corresponding energy profile for all of the catalytic
steps where the adatom M is germanene. According to the results, with the Fe and Ru
adatoms, the CO in hydrogen could be transformed by the catalytic reaction to HCHO
through three steps. The reactions are either thermodynamically or kinetically
favorable with stable intermediate states (Fe-HCHO and Ru-HCHO). While for Ni, Pd,
Au, and Pt adatoms, the catalytic reactions are hard to achieve due to the large
migration barriers. Overall, Fe and Ru adatoms indicated excellent catalytic abilities
and high thermal stability on single layer germanene, which are promising for use in
removing CO from the hydrogen feed gas for fuel cells, batteries, and catalytic
applications.
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2.4.3. Optoelectronic and Luminescence Applications
2D van der Waals materials have received great attention for optoelectronics. When
van der Waals materials are exfoliated to single layers, most of them experience
changes in their electronic structure. For instance, multilayered MoS2 shows a 1.29 eV
indirect band gap, but it was transformed to a 1.8 eV direct band gap when MoS2 was
exfoliated to a single layer material and showed strong photoluminescence properties.
[67, 68]

Importantly, Ge also displays similar changes in its electronic structure when it

is converted into 2D analogues. [69-71] GeH is stable in the air. The electron mobility of
GeH is 18000 cm2 V-1 s-1, and the direct band gap is close to 1.6 eV, which is higher
than for crystalline germanium, suggesting potential utilization for optoelectronic
devices. [61]

Jiang et al. present a simple method to create methyl-terminated germanane, in which
the -H termination of GeH is replaced by -CH3.

[53]

Significantly, the

photoluminescence quantum yield of band edge fluorescence is around 0.2% for
GeCH3. This means that this new material's quantum yield shows the same magnitude
as single-layer metal chalcogenides but without the strict requirement of single layers
for band edge emission. Therefore, it could provide various benefits for optoelectronic
devices, such as thermal stability and relative simple fabrication. This novel metathesis
method could be utilized to synthesize new families of organic-terminated 2D van der
Waals lattices. Compared with the parent analogue, the derivatives could display
different properties. The substitutions on the surface can change the derivatives.
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Amamou et al. reported GeH synthesis and transfer procedure on arbitrary substrates.
[72]

The thickness range of GeH was 1-600 nm (2-1000 layers), and areas above 1 cm2

could be transferred. This means that GeH can be used for optical studies on
transparent substrates as well as for electronic components on insulating substrates.
They used XRD and photoluminescence (PL) to demonstrate that the transfer step's
optical characteristics and the structure of thick GeH layers were almost unchanged.
After transfer, GeH films were utilized to make two-terminal components for transport
and photoconductivity measurements, and it was found that the absorption edge is a
function of wavelength. Therefore, the GeH 2D material provides an advance for
future optoelectronic applications.

Furthermore, Hu et al. synthesized ultrathin Ge flakes by halide-assisted self-limited
growth by chemical vapor deposition. The thickness of the flakes could be decreased
to nearly 8.5 nm. [58] They used theoretical calculations and experiments to confirm the
growth mechanism. The preferential growth of Ge(111) planes with the lowest
formation energy were found to be responsible for this growth, and the large interface
distortion effect of the Cl-Ge motif also suggests the mode of growth. Significantly, a
Ge

flake-based

optoelectronics.

phototransistor

displayed

outstanding

characteristics

for
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Figure 2.5. (a) Galvanostatic charge/discharge of a GeH anode at different current
densities. (b) Rate performance of a GeH anode. The GeH insertion and extraction
capacities are shown by black squares and red circles separately. The insertion and
extraction capacity for carbon matrix alone are plotted by black and red lines
separately, it only displays a small value for overall capacity. Besides, the Coulombic
efficiency are represented by blue circles. (c) Cycling performance of a GeH anode at
1 C. (a-c) Reproduced with permission. [61] Copyright 2017, American Chemical
Society. (d) Calculated charge density difference plots for Li or Na ions on germanene.
The green areas display electron losses, and the red areas show electron gains.
Reproduced with permission. Copyright 2016, Elsevier. (e) Photocatalytic H2
production by GeH under different conditions. The blue line represents GeH/Pt (1.0
wt%) in H2O-CH3OH. The yellow line represents GeH/Pt (1.0 wt%) in H2O. GeH in
H2O-CH3OH is represented by the green line. The performance of GeH/1.0 wt% Pt in
H2O-CH3OH under dark conditions is displayed by the black line. The red line shows
GeH powder under only visible-light irradiation. (f) Changes of the relative
concentration C/C0 with irradiation time during a cycling experiment under visible
light. (e, f) Reproduced with permission. [44] Copyright 2014, Royal Society of
Chemistry. (g) Catalytic reaction steps for CO + H2 → HCHO due to M on germanene.
(h) The corresponding energy for CO + H2 → HCHO, with the reaction catalyzed by
M on germanene. (g,h) Reproduced with permission. [66] Copyright 2016, Elsevier.

2.5. Conclusion
This review has provided an overview of the most enlightening recent progress on
germanene and germanene-functionalized nanosheets, including synthesis strategies
and crystal and electronic structures, as well as reported applications. Unlike graphene,
germanene possesses a low-buckle honeycomb structure, a strong QSHE, and a large
energy gap, paving the way to the further modification and application of germanenebased 2D nanomaterials based on both theoretical and experimental investigations. In
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addition, the experimental synthesis and mass production of germanane have recently
been realized, showing that the physical and chemical properties could be effectively
tuned by terminating with different ligands, which makes them promising candidates
for the sensing and optoelectronic fields.
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Chapter 3
3. Experimental Procedure
3.1. Overview
The general procedures used in this thesis work are illustrated in Figure 3.1. General,
the GeH nanosheets are synthesized by the topochemical deintercalation of CaGe2 with
hydrochloric acid at low temperature. Then the defect-rich germanene nanosheets
could be prepared via thermal dehydrogenation of 2D GeH nanosheets. The asprepared samples' chemical and electronic properties are characterized by a series of
facilities, including XRD, SEM, TEM, XPS, Raman, AFM, UV-Vis and DFT. The
germanene-based nanomaterials are applied as a photoelectrochemical detector as well
as the sodium-ion batteries.

Figure 3.1 General procedure of this thesis work.
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3.2. Chemicals and Materials
The chemicals and materials used in this thesis are listed in Table 3.1.
Table 3.1 Chemicals and materials used in this thesis.
Chemicals

Formula

Purity (%)

Supplier

Ethanol

C2H5OH

96

Chem-Supply Pty. Ltd.

Calcium

Ca

99.99

Sigma-Aldrich

Germanium

Ge

99.99

Sigma-Aldrich

Hydrochloric acid

HCl

37

Sigma-Aldrich

methanol

CH3OH

99.8

Chem-Supply Pty. Ltd.

3.3. Materials Preparation
The methods adopted for the preparation of 2D germanene-based specimens in this
thesis mainly include the topochemical deintercalation to form GeH and the
dehydrogenation process to form germanene nanosheets.

3.3.1. Topochemical Deintercalation
Commercially available Ge powder and Ca chips with a molar ratio were
homogenously mixed in a quartz tube and then sealed under vacuum condition. After
annealing at a high temperature with around 1010 oC, the bulk sample was cooled
down to room temperature and obtained as CaGe2. After that, the CaGe2 was
intercalated with concentrated hydrochloric acid at -30 oC for 8 days to produce a
layered GeH single crystal.
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3.3.2. Dehydrogenation Process
The precursor GeH single crystal was sealed in a quartz tube via a high temperature in
a muffle furnace. The product was heated over the temperature ranging from room
temperature to 270 oC at a rate of 5 oC/min, and then annealed at 270 oC for 10 minutes.
After H layers of GeH were all moved, the GeH single crystal was transferred into a
germanene single crystal. With continuing annealing at 280 oC for 1 h, germanene
single crystal was finally produced into Ge particles.

To exfoliate the GeH and germanene single crystal, the as-prepared samples were
dispersed in ethanol solution. They ultrasonicated using a sonic tip probe for 20 mins
at room temperature to obtain GeH nanosheets and germanene naonsheets.

3.4. Characterization Techniques
3.4.1. X-ray Powder Diffraction (XRD)
XRD is a non-destructive technique that could primarily be used for identifying the
composition as well as crystal structures of the analysed materials with a high degree
of resolution. The fundamental principle of XRD measurement, as well as the Bragg
equation are presented in Figure 3.2. When the incident X-ray beam illuminates on the
crystalline sample, some photons would be elastically scattered by the periodic array
of atoms with long-range order. For the different planes of the periodic in the sample,
a regular array of scatters results in a regular array of spherical waves. The scattering
from all the planes of the sample produces a unique pattern of a given compound. The
distance between the periodic planes would depend on the incident angle as well as
the incident wavelength. I. It could be summarized as Bragg Equation shown in Figure
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3.2, [1] in which the d is the lattice spacing, θ represents the angle between the incident
X-ray and the lattice plane, n refers to the "order" of reflection. Λ is the wavelength of
the incident X-ray. According to the equation, constructive interference occurs only if
the optical path difference (2d sinθ) is a multiple of the incident wavelength (λ). The
angle between the incident X-ray and the lattice plane could be measured and the
wavelength of the X-ray is already known, then the distance of the lattice plane could
be determined via Bragg Law. In this work, XRD was conducted on the fabricated
(PANalytical diffractometer) with Cu Kα radiation at a step size of 0.02o s-1.

Figure 3.2 Fundamental principles of XRD.

3.4.2. Scanning Electron Microscopy (SEM) with Energy-dispersive
X-ray (EDX) measurement
SEM is widely used to produce high-resolution images of a sample by scanning the
surface with a focused electron beam to generate various signals, including secondary
electrons, backscattered electron, X-ray signals, etc. Figure 3.3. A concentrated
electron beam scans across the surface, interacts with the atom within the sample, and
generates the signals containing topography and composition of the sample. The
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secondary electrons have very low energy of around 50 eV, and they could only escape
from the top surface of a sample, giving the topographic information at very high
magnification. The backscattered electrons have much higher energy than secondary
electrons, and they could emerge from deeper locations within the specimen, usually
illustrating contrasts in composition in the multiphase sample.

Figure 3.3 Schematic diagram of the electron-matter interaction depicting its different
products.
The energy of the characteristic X-ray could be captured by EDX spectrometer to
qualitatively analyse the sample's chemical characters. Firstly, the electron beam hits
an atom's inner shell, knocking off an electron from area 1, as shown in Figure 3.4,
while leaving a positively charged hole. Then the charged hole would attract another
electron from an outer shell (area 2) to fill the vacancy. When the vacancy has been
filled, the energy difference between the outer high-energy and the inner lower-energy
could be released in the form of an X-ray. An EDS detector collects and counts all the
emitted X-ray at once, and then converts into useful information by dividing the energy
spectrum into different “channels” or ranges. The spectrum of X-ray energies ranging
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from 0 to 10 keV would display on the computer screen, with peaks attributing to the
energies of the elements present in a sample. In this work, the morphologies and crystal
structures were detected by a field emission scanning electron microscopy (FESEM,
JEOL SJSM-7500FA).

Figure 3.4 Schematic diagram of the x-rays generated via EDX.

3.4.3. Transmission Electron Microscopy (TEM) and Selected Area
Electron Diffraction (SAED)
TEM is a typical microscopy technique that could be employed to evaluate the
morphology, crystal structure, and electronic structure of a specimen. Two unique
features of TEM are its high lateral spatial resolution (better than 0.2 nm) and its
capability to provide both image and diffraction information from a specimen. The
TEM explore the wave-particle duality of electrons, using a beam of electrons instead
of light. Electrons are scattered when an electron beam passes through a thin specimen,
then the objective lens forms a diffraction pattern in the back focal plane with electrons
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scattered by the sample and combines them to generate an image in the image plane.
A beam of electrons is accelerated through 80-300 kV voltage from the electron gun
to obtain sufficient energy. Then those traversing electrons reach and focus on the
objective lens to form the image. As for the obtained image, the dark parts correspond
to fewer electron could pass through the specimen, while the lighter parts represent
more electrons are transmitted through.

Inside the TEM, SAED is applied as a crystallographic experimental technique that
could be performed to identify the crystal structure as well as the crystal defects from
the chosen area. When the high energy electrons are transmitted through the thin
sample (less than 100 nm), they go through a sophisticated system of the
electromagnetic objective lens that focuses all scattered electrons from one point of
the sample into one point in the image plane and finally, produce a characteristic
pattern of diffraction spots.

In this work, the prepared samples' morphologies and crystal structures are
characterized with a JEOL JEM-2010 transmission electron microscope (TEM)
operating at a 200 kV accelerating voltage.
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Figure 3.5 Schematic diagram of the imaging methodologies of TEM and Diffraction.

3.4.4. Atomic Force Microscopy (AFM)
AFM is one of the best solutions for measuring the nanoscale surface metrology of a
sample. An AFM is composed of a cantilever-tip assembly, and the AFM probe
interacts with the sample through a raster scanning motion using a piezoelectric tube
controlled by a computer. When the AFM tip scans along the surface of the sample,
the up/down and side to side motion are monitored via a laser beam reflected off the
cantilever, as shown in Figure 3.6. [2] There are two primary groups of operating modes
widely used, including contact mode and tapping mode. For the contact mode, the tip
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contacts the substrate's surface, and an electronic feedback loop monitors the tipsample interaction force to keep the deflection constant. The tapping mode limits the
contact between the tip and surface to protect both from damage, and the feedback
loop is silimar to contact mode, except it keeps the amplitude constant instead of the
quasistatic deflection. With the help of a specialized probe, the AFM could be
emplored to evaluate mechanical, electrical, magnetic, and thermal properties.

AFM could also be used to explore the mechanical properties of a sample via the
interaction between the AFM tip and the samples. It usually presents the deflection of
the cantilever in the Z direction with known spring constant as the cantilever moves
towards then backwards from the surface of a sample. As shown in Figure 3.6b, a
typical force curve displays as following: (1) The tip approaches the surface from “far
away” and make contact with the surface; (2) The tip then push gently into the sample
with some load until it arrives a defined force; (3) The cantilever retracts from the
surface and then reverse direction, and finally returns to its rested defection. In stage
3, the tip may still stick on the substrate until enough force pulls it from the surface,
which appears adhesion. In this work, atomic force microscopy (MPF-3D, Asylum
Research) is utilized to measure the thickness and the mechanical properties of the
centrifuged nanosheets.
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Figure 3.6 (a) Basic working principle for an AFM; (b) Diagrammatic representation
of a force-distance curve.

3.4.5. X-ray Photoelectron Spectroscopy (XPS)
XPS is a typical quantitative spectroscopic technique for analyzing the surface
chemistry of a sample. It could also measuren the elemental composition, chemical
state and electronic state of the elements whining the sample. A beam of X-rays
irradiates on a solid surface. At the same time, the kinetic energy of electrons that
emitted from the top 1-10 nm of the material is simultaneously collected, forming XPS
spectra. All surface elements (except hydrogen) could be identified and quantified by
the energies as well as intensities of the photoelectron peaks. After an atom or
molecule interacts with X-ray photons, the inner-shell electron could be ejected, which
is further measured for the simultaneous measurements of their kinetic energy and
number, as shown in Figure 3.7. The kinetic energy (Ekineti) of the electron could be
measured, and also depends on the photon energy (Ephoton) and the binding energy
(Ebinding) of the electron, which is determined by the following equation:
𝐸!"#$"#% = 𝐸&'()(# − ( 𝐸*"#+)", + f )

(1)

In which ϕ is the work function depending on the sample and spectrometer. XPS
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spectrum is plotted as the number of electrons detected at corresponding binding
energy. Each element existing on the surface of a sample produces characteristic XPS
peaks related to specific values of binding energy. Therefore, it is possible to acquire
which elements on the surface of a sample and their chemical states by measuring the
emitted electrons' kinetic energy.

In this thesis, XPS with monochromatic Al Kα radiation was employed with a Kratos
Axis Supra Photoelectron Spectroscopy. All of the specimens' binding energies were
referenced to the C 1s peak at 284.8 eV assigned to adventitious carbon (C-C).

Figure 3.7 Schematic illustration of the photoemission process.

3.4.6. Raman
Raman spectroscopy is a kind of molecular spectroscopic technique that utilizes the
interaction of light with matter to explore the molecular vibration, rotation of a material.
Usually, it yields information about inter- and intra-molecular vibrations and then
presents additional understanding about a reaction. The molecule would advanced to
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high energy called virtual state after interacting with photons, and then the molecule
would relax to a vibrational energy level. The difference between the incident photon's
energy and the scatted phonon is called the Raman shift, and if the former is less than
the latter, then the scatting is called Stokes scatter. Otherwise, anti-Stokes, as shown
in Figure 3.8. [3] In this work, Raman spectra for the specific mode was detected using
a laser at 532 nm excitation via a Nanofinder system.

Figure 3.8 Schematic illustration of the basic principle of Raman spectroscopy.

3.5. Electrochemical Measurements
3.5.1. Photoelectrochemical Detector Measurement
A certain amount of exfoliated nanosheets (1 mg) was dispersed in 1 ml ethanol
solution to form a homogeneous dispersion. Then, indium-tin-oxide (ITO, 20 mm ×
10 mm × 10 mm) conductor glass was applied as the substrate for the working
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electrode, and the aforementioned solution was uniformly coated thereon. After drying
under ambient conditions all night, spatially uniform photosensitive material having a
loading of around 0.5 mg cm-2 was obtained on the substrate.
PEC testing was performed in a conventional three-electrode system with 0.5 M
Na2SO4 (pH = 6.6) electrolyte, with the setup consisting of a working electrode (GeH
nanosheets coated on ITO), a counter electrode (platinum flake), and a reference
electrode (saturated calomel electrode). The photoresponse activity was evaluated on
an electrochemistry workstation (CH Instruments, Inc. Shanghai) at a scan rate of 10
mV s-1 under irradiation by a 350 W xenon arc lamp (CHF-XM 350). The xenon lamp
was used as the source for simulated sunlight, and its illumination intensity was fixed
at 100 mW/cm2 unless declared otherwise.

3.5.2. Sodium Ion Battery
All the electrochemical experiments were carried using 2032 coin- cells assembled in
the argon-filled glove box, where oxygen and water concentrations were kept below
0.01 ppm. The working electrodes were fabricated by mixing the as-prepared samples,
carbon black, and sodium carboxymethyl cellulose in a weight ratio of 7:2:1 with
several drops of distilled water, which were then coated on Cu foil followed by drying
at 80 oC for 12 h in a vacuum oven. The half-cell is comprised of the working electrode,
a metallic Na foil as the counter electrode, and using the glass refibre as the separator,
as well as 1 M NaClO4 dissolved into ethylene carbonate-propylene carbonate (ECPC in a weight ratio of 1:1) mixed solution with fluoroethylene carbonate additive in
a volume ratio of 5%. Before the electrochemical testing, all the batteries were rested
for 12 h. The electrochemical measurements were examined by a BTSDA battery
testing system ranging from 0.005 V to 2.0 V vs. Na/Na+. Cyclic voltammetry (CV)
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was conducted via a Biologic VMP-3 electrochemical workstation with a voltage
range from 0.005 V to 2 V vs. Na/Na+.
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Chapter 4
4. Preparation of Hydrogen Terminated
Germanene Nanosheets and its Mechnical
Properties
4.1. Introduction
The discovery of 2D graphene has evoked intensive attention to study the group IV
single, or few layer materials consist of carbon,

[1]

silicon,

[2]

germanium,

[3]

including their corresponding hydride analogue such as graphane (CH), [4-5] silicane
(SiH)[6-7] as well as germanane (GeH). [8-9] Among them, the GeH has been recently
reported to be synthesized by topochemical deintercalation from the Zintl phase
CaGe2 with hydrogen chloride in the low temperature. It has been reported that the
electron mobility of GeH is calculated about five times higher than that of bulk
germanium and ten times higher than that of silicon and possess a direct band gap
of around 1.56 eV, implying the promising application in the area of optoelectronics,
sensing, and high speed electronics. Besides, Goldberger at al. [10] reported that GeH
possesses thermal stability and long-term resistance to oxidation, which is a
prerequisite for any practical application.

To date, GeH nanosheets could be mechanically exfoliated from a single crystal but
produce an uneven surface with a relatively small size (only a few microns). In
contrast, the ease and scalability of the solution-based processing methods enable
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the GeH to be deposited as individual sheets with a lateral size around tens of
microns with a thickness of 3-4 nm.

[11]

The ease and scalability of solution-based

processing methods of ultrathin GeH nanosheets with large size have allowed their
applications to move to flexible electronics and transistors. These extraordinary
properties of ultrathin GeH nanosheets have triggered research interest into the
physical properties at extreme thickness. However, the lack of systematic
investigation of intrinsic mechanical properties of ultrathin GeH nanosheets greatly
hinders its applications.

In this work, the solution-based processing method has been applied for GeH
exfoliation, which produced GeH nanosheets with tens of microns. The mechanical
properties of large size GeH nanosheets are experimentally revealed by the AFM
indentation, to our knowledge, for the first time. Our results show that the few fewlayer GeH nanosheets possess a Young’s modulus of 0.36±0.0069 TPa, which
exceeds the values previously found in GO Ti3C2Tx monolayers for the same
nanoindentation experiments and other solution-processed 2D materials.

4.2. Experimental Section
4.2.1. Materials
Germanium (Ge), Calcium (Ca), Hydrochloric acid (HCl), Ethonal (C2H5OH),
methonal (CH3OH).

4.2.2. Materials Preparation
Synthesis of GeH nanosheeets is described in details in Chapter 3.3.
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4.2.3. Characterization
Characterizations of single crystal GeH, including SEM, TEM, Raman, AFM are
described in details in Chapter 3.4.

4.2.4. Results and Discussion
Large size flakes preparation and characterization
GeH single crystal (Figure 4.1) is successfully synthesized via the topochemical
transformation of epitaxial CaGe2 at low temperature, reported before (see materials
and methods and Figure 4.3a). [12-13] By a solution-based exfoliation method, the GeH
single crystal could be exfoliated into the few-layer flakes with large size with around
tens of microns, as shown in Figure 4.3b and c. The exfoliated GeH examined by TEM
in Figure 4.3d also illustrates the predominant morphology of ultrathin nanosheets.
The EDS in Figure 4.2 confirms the presence of flakes with a homogeneous
distribution of germanium over the GeH nanosheets demonstrating the homogeneity
of the sample.

Figure 4.1. GeH Single crystal are exfoliated into ultrathin nanosheets with large size
by ultrasonic.
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Figure 4.2. (a) Low magnification dark-field TEM image of GeH nanosheets; (b)
The high magnification image of the corresponding framed area in Figure 4.2a; (c)
EDS mapping of the framed area.
Then the sonic GeH nanosheets suspended in ethanol solution are deposited onto a flat
SiO2/Si substrate. The thin GeH nanosheets are firstly characterized by optical
microscopy (Figure 4.3f) and then identified by AFM via non-contact mode for height
determination (Figure 4.3g). As shown in Figure 4.3 g and 1h, the exfoliated GeH
nanosheets present lateral dimensions of up to tens of microns across and feature a
thickness of 13 nm (around 22 layers) in area 1, 26 nm (around 45 layers) in area 2,
and 38 nm (around 65 layers) in area 3, with a measured monolayer of 0.6 nm. Figure
4.4a presents the same area's Raman mapping image in Figure 4.3g with E2g peak
intensity irradiated with 532 nm laser line. The result shows that the contrast of the
image with E2g peak intensity is distributed uniformly in the given thickness region.
The intensity of A1g peak and E2g/A1g become stronger as the thickness of GeH
nanosheets increases, as can be seen in Figure 4.4b and Figure 4.3i, respectively. This
phenomenon could be probably attributed to optical interference occurring for the
interaction between the excitation laser and the emitted Raman radiation. The changes
in the electronic structure of the GeH nanosheets with different layers may likely
contribute to the variation of Raman intensities.

[14, 15]

However, it is hard to see the
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frequency change for the Raman spectra detected from the area 1, 2 and 3 (Figure
4.4c), and even more difficult to distinguish the different layers with E2g/A1g frequency
in the frequency mapping (Figure 4.4d), in which probably the frequencies of both
modes converge to the same bulk values due to the thickness of GeH nanosheets is
more than 10 layers.

Figure 4.3. The synthesis and characterization of large size GeH nanosheets. (a) The
procedure of GeH synthesis; (b) SEM image of GeH nanosheets, inset: ultrathin GeH
nanosheets on SiO2 substrate; (c) Optical image of GeH nanosheets, inset: high
magnification optical image of single GeH nanosheet; (d) HRTEM image of GeH
nanosheets; (e) Schematic crystal structure and vibration mode of Germanene
nanosheets; (f) Optical image of GeH nanosheets with different thickness; (g) AFM
image of the corresponding area of GeH nanosheets in (f); (h) Height profiles of the
corresponding area in Figure 4.3h ; (i) Raman mapping of the Raman intensity of
E2g/A1g mode in the area in Figure 4.3g.
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Figure 4.4. (a) Raman mapping of the Raman intensity of E2g mode in the area in
Figure 4.3g; (b) Raman mapping of the Raman intensity of A1g mode in the area in
Figure 4.3g; (c) Raman spectra of GeH nanosheets with different layers; (d) Raman
mapping of the Raman frequency of E2g/A1g mode in the area in Figure 4.3g.
Mechanical properties of free-standing flakes
The suspended GeH flakes are deposited on the hole-patterned 300 nm SiO2/Si
substrate. Firstly, optical microscopy is identified (Figure 4.5a), which shows large
lateral size of around a hundred microns. And then, it is imaged in the same area to
measure the thickness by tapping mode (Figure 4.5c), presenting a thickness of 8.7 nm
with around 15 layers (Figure 4.5d). The mechanical properties of the GeH flakes are
investigated by the nanoindentation method using AFM, in which the AFM tip is
located directly at the centre of the suspended well in the ambient environment and
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slowly move downwards, offering controlled stretching of the GeH flakes, as the
scheme shown in Figure 4.5b. To obtain the correct force-displacement curve, the
spring constant as well as the defection sensitivity of the cantilever are necessarily
calibrated via a standard method. Contact mode is applied to acquire the AFM
topographic image and ensure the tip's position for the nanoindentation measurement.

For the indentation experiment, the distance of tip (δtip) and piezo (Zpiezo) moved in the
vertical directions as well, as the force (F) are measured while the probe snaps down
to the film by attractive force and then defect the film as the tip presses downwards.
The membrane displacement (δ) could be converted by the piezo movement (Zpiezo)
and the tip distance (δtip), as follows:
δ = 𝑍&"+-( − 𝛿)"&

(1)

A typical force-displacement (F - δ) curve is illustrated in Figure 4.6a, with different
loading force on the GeH membrane. The inset in Figure 4.6a presents the effective
behaviour between the force and membrane for the nanoindentation experiment. The
mechanical defection of the large GeH flakes could be divided into two parts under
different loads. Under a relatively small load, the elastic response is linear because
stiffness arising from the presentation is dominant; while at a larger load, the
relationship between force and displacement become cubic since the in-plane
stretching begins to take over.

[16-18]

Therefore, the total force-displacement

relationship in 2D nanomaterials should include two regions as the linear and cubic
items during nanoindentation measurement:
1

F = 𝜎./0 (𝜋𝑎) /20 + 𝐸 /0 (𝑞3 𝑎)(𝛿/𝑎)3

(2)
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where σ 2D
0 is the pretension of the GeH nanosheets; a is the radius of micro-well
measured by AFM image (750 nm); q = 1/ (1.05 - 0.15ν – 0.16 ν2) is a dimensional
constant which calculated to be 0.973, and ν is the Poisson’s ratio of GeH nanosheets
which calculated to be 0.124 via the first principle study; E2D is the effective Young’s
modulus of the membrane, which could be transformed into the conventional 3D bulk
(named volumetric) modulus (E) by dividing it by the thickness of the nanosheets.
2D
Taking the σ2D
0 and E as the free parameter, the elastic moduli of the large size GeH

nanosheets could be deduced by fitting the experimental data using equation 2.

Figure 4.5. (a) Optical microscopy image of the large size free standing GeH
nanosheets on a SiO2/Si substrate with micro-wells of 1.5 mm in diameter; (b)
Schematic nanoindentation of a suspended GeH membrane with an AFM tip; (c) AFM
image of the GeH nanosheet marked in the square of (a); (d) the corresponding height
trace of the solid red line in (c).
Figure 4.6a shows the experimental and fitting curves in the range of testing area,
confirming the appropriateness of equation 2. Besides, the force-displacement curves
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with different loading forces retrace each other, illustrating highly elastic properties
and no detachment or flake throughout the measurement. Figure 4.6b and 4.6c
summarize the Young’s moduli (E2D and E) of the large size GeH nanosheets with
different thickness. With the increasing of the layers, the E2D values rise from 1283 ±
24.9 N/m (L=6), 2237.6 ± 46.3 N/m (L=11) to 2413.39 ± 599 N/m (L=15). However,
the bulk elastic modulus E decrease from the 0.36±0.0069 TPa (L=6), 0.329 ± 0.0068
TPa (L=11) to 0.274 ± 0.068 TPa (L=15) with the increasing thickness. The E2D in the
large size GeH nanosheets is comparable with those in rGO as well as the MoS2 but
much smaller than that in mechanically exfoliated graphene. [16, 19-20] Such a decrease
phenomenon for bulk Young’s moduli could also be reported in graphene, MoS2, and
C4n3 membranes,

[18-19]

which may be due to the interlayer sliding coming from the

weak interlayer interactions.

[21]

And this kind of lateral sliding could happen most

likely because the stacking between the interlayer is no longer sable during the
indentation.

Figure 4.6. (a) Force-defection curves of large size GeH nanosheets at different loads,
inset: a typical force curve as the cantilever approaches and retracts from the GeH
surface; (b) Comparison of loading curves for different layers of GeH nanosheets. (c)
Comparison of 2D Young’s modulus and volumetric Young’s modulus of GeH
nanosheets with different thickness.
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4.3. Conclusion
In conclusion, the ultrathin GeH nanosheets are successfully exfoliated via a solutionprocessing method. The optical microscopy, SEM, as well as TEM have proved the
large size and purity of the suspended GeH nanosheets. The a-AFM indentation
method has measured the the mechnical properties of few layer GeH nanosheets
suspended on SiO2/Si subsrate. The result shows that few layer GeH nanosheets (L=6)
possess effective Young’s modulus of around 0.36 TPa, which is comparable to the
value of 2D Ti3C2Tx Mxene monolayers as well as GO monolayers. As the thickness
increases from 6L to 15L, Young’s modulus of large size GeH nanosheets decreases
from 0.36±0.0069 TPa to 0.274 ± 0.068 TPa, which may be likely due to interlayer
slippage during indentation experiments. This work opens a pathway for exploring and
understanding of mechanical properties of GeH nanosheets with large size, boarding
their applications in the area of flexible electronics and sensors.
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Chapter 5
5. Hydrogen Terminated Germanene for a
Robust Self-Powered Flexible
Photoelectrochemical Photodetector
5.1. Introduction
Two-dimensional (2D) materials have recently attracted significant attention in the
field of optoelectronic detectors owing to their unique band-structures and various
forms of light–matter interaction that benefit from the 2D quantum confinement and
tuneable layered-structure. [1-5] Graphene, the most widely explored 2D material and a
massless Dirac fermion system, has a promising application in optoelectronic devices
owing to its remarkably high carrier mobility and strong interaction with photons over
a wide energy range. [6, 7] Due to the absence of a band gap, however, the application
of graphene-based photodetectors or phototransistors has been blocked due to its high
dark current and low on/off ratio.

[8, 9]

The recent developed Xenes (X = Si, Ge, Sn,

and other group IV-A elements), as both structurally analogous and isoelectronic
species to graphene, offer a chance to open up an energy band gap in the electronic
band structure, due to their strong spin-obit coupling and intrinsically buckled
structure. [10] Among them, germanene, consisting of germanium atoms with sp2 and
sp3 hybridization, has received considerable attention due to its unique properties,
including tunability of its energy band structure and high carrier mobility as well as a
quantum Hall effect.

[11-15]

These features make germanene a promising material for
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electronics and optoelectronics, where it exhibits superior potential compared to its
bulk counterpart (germanium), which is a typical photoelectric material. In addition,
2D germanene is also a good candidate material for flexible electronics due to its high
aspect ratio and ductile nature.

Despite all these advantages, exploration of the application of germanene has suffered
due to the challenges to the massive synthesis of high-quality samples. The typical
synthesis route is still limited to growing layered germanene on substrates via
molecular beam epitaxy (MBE).

[16-20]

On the bright side, the recently successful

synthesis of a GeH layered structure has paved a way to the large-scale preparation of
hydrogen-terminated germanene by a topochemical deintercalation route. The
theoretical and experimental results suggested that the monolayer GeH (germanane) is
a direct narrow band-gap semiconductor with high carrier mobility (as high as 18000
cm2 V-1 s-1, 5 times higher than that of bulk Ge). [21, 22] Consequently, GeH nanosheets
are expected to display an extraordinary photo-response performance when they are
applied in next-generation photo-electronic devices or even advanced flexible photoelectronics. Nevertheless, the complicated and expensive microfabrication techniques
required for constructing GeH nanosheet-based photovoltaic-type or photoconductivetype photodetectors are further impeding the practical application of GeH in photoelectronics, and it is difficult to achieve the adjustment of its photoresponse
characteristics.

In this work, solution-processed GeH nanosheets with selected thicknesses have been
successfully prepared via a top-down exfoliation of as-synthesised high-quality GeH
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single crystal. By simply dispersing these nanosheets in solvent as inks for active
photoelectrode constructions, an efficient PEC-type photodetector based on 2D
hydrogen-terminated germanene can be fabricated without a complicated lithographic
process. In addition, benefiting from the facile PEC fabrication process associated with
the accessible solution-based GeH nanosheets, flexible GeH photodetectors have been
successfully constructed on PEC-based current collectors. With the ability to work in
a self-powered mode, the prepared GeH nanosheets in PEC-type photodetectors
exhibited a high photocurrent density of 2.9 µA cm-2 with zero bias potential, excellent
responsivity at around 22 µA W-1 under illumination with intensity ranging from 60
mW cm-2 to 140 mW cm-2, and short response time (with rise and decay times, tr =0.24
s and td = 0.74 s). Mechanism investigation revealed that the faster migration of photoinduced holes in thinner GeH nanosheets are the determining factor contributing to the
highly-efficient photo-responsivity of GeH ultra-thin nanosheets. The good photoresponse capability of the as-prepared flexible device also demonstrated the potential
of GeH nanosheets as a key photo-responsive component in self-powered, flexible
photo-detectors, which are favourable for future application in portable electronic and
optoelectronic devices.

5.2. Experimental Section
5.2.1. Materials
Germanium (Ge), Calcium (Ca), Hydrochloric acid (HCl), Ethonal (C2H5OH),
methonal (CH3OH).
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5.2.2. Materials Preparation
Synthesis of GeH single crystal/nanosheets has been described in details in Chapter
3.3. To exfoliate the GeH, the as-prepared GeH single crystal was dispersed in ethanol
solution and ultrasonicated using a sonic tip probe at the room temperature. Following
sonication, the obtained homogeneous liquid was centrifuged at different speeds (500
rpm, 1000 rpm, 1500 rpm, 2000 rpm) for 20 min to obtain GeH nanosheets with
different thicknesses.

5.2.3. Characterization
XRD was conducted on the fabricated (GBC MMA diffractometer) with Cu Kα
radiation at a scanning rate of 1.5 o min-1. The morphologies and crystal structures were
investigated by field emission scanning electron microscopy (JSM-7500FA, JEOL),
and transmission electron microscopy (JEM-2011F, JEOL, 200 kV). Optical images
were collected with a Leica DM6000 microscope. Atomic force microscopy (MPF3D, Asylum Research) was utilized to measure the thickness of the centrifuged
nanosheets. Ultraviolet-visible absorption spectra were acquired on a Shimadzu UV3600. Raman spectra for the specific mode was detected via a Nanofinder system. XPS
was carried out on a VG Multilab 2000 (VG Inc.) photoelectron spectrometer with
monochromatic Al Kα radiation under vacuum at 2 × 10-6 Pa.

Other characterizations such as working electrode preparation and PEC measurements
as well as computational methods are described in details in Chapter 3.4 and Chapter
3.5.
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5.2.4. Computational Method
A density functional theory (DFT) computational study of the electronic structures was
performed using the Vienna ab initio Simulation Package (VASP). VASP implements
the DFT in the Kohn−Sham formulation using a plane wave basis and projectoraugmented wave formalism (PAW).

[4, 5]

Since the Perdew-Burke-Ernzerhof (PBE)

functional underestimates the band gap, the hybrid functional method (HSE06) [6] was
used to calculate the electronic structures of the few-layer GeH. A 25% ratio of
nonlocal Fock exchange was set in the HSE06 calculation. Ge 4s4p and H 1s electrons
were treated as the valence electrons in the PAW potentials. The plane wave basis set's
energy cut-off was 500 eV, and the atomic force convergence accuracy at each atomic
site was set to be 10-4 eV/Å. In the band structure calculations, one hundred k-points
were set along the high symmetry points K and G. Also, G to M. The effective masses
of a few-layer GeH were simulated by seven points around the G point in the Brillouin
zone. Our effective mass for monolayer GeH matched well with the reference data,
0.09 m0 for electrons and 0.43 m0 for holes.

5.3. Results and Discussion
High-quality GeH single crystal was synthesized via a topochemical reaction of CaGe2
with hydrochloric acid (HCl) at low temperature (Figure 5.1a and 5.2a-c).
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Figure 5.1. (a) Process of GeH synthesis. (b) XRD pattern of CaGe2, GeH nanosheets
(GeH-NS), and GeH single crystal (GeH-SC). Insets: optical images of CaGe2, GeHNS, and GeH-SC. (c) Height distribution histograms for GeH nanosheets centrifuged
at 500 rpm, 1000 rpm, 1500 rpm, and 2000 rpm. (d) Optical image, AFM image, and
its corresponding height profiles for GeH nanosheets centrifuged at 1500 rpm. (e)
TEM image of GeH nanosheets. Inset: corresponding SAED.

Figure 5.2. Process of GeH synthesis. (a, b, and c) Photographs of CaGe2, CaGe2/GeH
suspension, and GeH single crystal, respectively. (d) Raman spectra of GeH single
crystal deposited on Si/SiO2 substrate. (e) UV-Vis absorption spectrum of GeH
nanosheets. Inset: representative Tauc plot of band-gap energy of GeH nanosheets. (f)
XPS spectra of the Ge 2p spectra region for GeH.
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A powder X-ray diffraction pattern (XRD) of the as-fabricated CaGe2 crystal is shown
in Figure 5.1b, which matches well with the hexagonal Zintl phase CaGe2 (JCPDS
Card NO. 00-013-0299). Taking the CaGe2 crystal as a precursor and template, the
layered crystalline GeH can be obtained by gently knocking out Ca ions and saturating
the surface terminations with H (Figure 5.2), with the crystal structure confirmed by
the XRD pattern shown in Figure 5.1b. The XRD pattern of GeH single crystal
possesses a sole strong diffraction peak and a relatively weak peak, which are indexed
to its (002) and (004) facets, matching well with the standard GeH structure (JCPDS
Card NO. 01-083-5188).

Figure 5.3. Schematic diagrams of the hexagonal crystal structure of (a) GeH
monolayer and (b) GeH bulk.
Meanwhile, the Raman spectra (excited by 532 nm laser) shown in Figure 5.2d confirm
the H surface termination in the GeH single-crystal due to the appearance of a peak at
around 226 cm-1, which pure germanium or germanene do not have. [23-25] The Raman
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peaks observed at 226 cm-1 and 303 cm-1 correspond to the A1g (out-of-plane) and E2g
(in-plane) mode of hexagonal GeH single crystal, which is in strong agreement with
the reported investigations.[20, 21] The optical images of bulk GeH single crystal (Figure
5.4a-b) show a metallic lustrous surface with a layered structure, which is further
proved by the scanning electron microscopy (SEM) images. As displayed in Figure
5.4c, the low-magnification SEM image that there is a clearly graphite-like structure
for stackable GeH, and the high magnification SEM image in Figure 5.4d presents a
sharply defined edge of GeH single crystal in detail. In order to present a large surface
area and facilitate the construction of electrodes, sonication was applied to exfoliate
the layered GeH single crystal into nanosheets. As shown in Figure 5.1b, all the
diffraction peaks are readily assigned to the hexagonal GeH phase, indicating the
random arrangement of nanosheets during sonication. The SEM image (Figure 5.4e)
of few-layer sample of exfoliated GeH on the Si/SiO2 substrate was collected, with the
typical feature of a relatively large lateral area (~30 × 20 µm).
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Figure 5.4. Optical image of GeH single crystal (a) and corresponding high
magnification image (b) of the framed area. (c) Low magnification SEM image of GeH
single crystal. (d) High magnification SEM image of GeH single crystal. (e) SEM
image of exfoliated GeH nanosheets deposited on a Si/SiO2 substrate. (f) Low
magnification dark field TEM image of GeH nanosheets. Top inset: EDS mapping of
the individual GeH nanosheets. Bottom inset: representative EDX spectrum of the
GeH nanosheets.
Moreover, the optical properties of the layered GeH nanosheets were investigated by
ultraviolet-visible (UV-Vis) spectroscopy, as displayed in Figure 5.2e, showing that
strong absorption occurs in the visible spectral region. The Tauc plot method was
utilized to estimate the optical band gap, with the linear region of the plot of (αhʋ)
versus photon energy (hʋ) extended (α: absorption coefficient; h: Planck’s constant; ʋ:
light frequency). [26] The analysed band gap of GeH single crystal is ~1.66 eV (inset
image of Figure 5.2e), indicating an appealing candidate for a visible-light harvesting
photoelectronic device. In addition, the thickness-dependent band gap of GeH
nanosheets creates the opportunity to regulate its optical properties with a further
impact on their photodetector performance. The X-ray photoelectron spectroscopy
(XPS) spectrum in Figure 5.2f reveals that the two peaks centred at binding energy of
1217.7 eV and 1248.8 eV can be attributed to the Ge 2p3/2 and Ge 2p1/2 in GeH,
respectively. The presence of GeO2 peaks is derived from the partial oxidation on the
surfaces of GeH nanosheets. GeH nanosheets with controllable average thickness can
be obtained via centrifuging the exfoliated GeH nanosheets at different speeds,
providing a platform for investigation of the thickness dependence of the optical
properties of GeH nanosheets. The different heights of GeH nanosheets centrifuged at
500 rpm, 1000 rpm, 1500 rpm, and 2000 rpm were evaluated with atomic force
microscopy (AFM), and the corresponding height distribution histograms were also
analysed with Gaussian fittings, as shown in Figure 5.1c, respectively. A decrease in
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the average thickness of exfoliated nanosheets was successfully achieved by
increasing the centrifugation speed, from ~170 nm (500 rpm) to 1.54 nm (2000 rpm).
It should be noted that the thinnest height of the GeH nanosheets is about 0.6 nm,
which is consistent with 5.5 Å of GeH monolayer along the [001] direction, indicating
the successful synthesis of GeH monolayers. The optical image of a GeH dispersion
centrifuged at 1500 rpm with the Tyndall effect is shown in Figure 5.1d, which
demonstrates the homogeneous nature of the dispersion. This is further confirmed by
the AFM images showing a uniform distribution of GeH flakes, and their
corresponding thickness with a typical height of 2.94 nm, as displayed in Figure 5.1d.
Moreover, transmission electron microscopy (TEM) and selected area electron
diffraction (SAED) were also employed to investigate the crystal structure and the
composition of exfoliated GeH nanosheets (1500 rpm). The TEM image of ultrathin
GeH nanosheets displayed in Figure 5.1e reveals the typical hierarchical nanosheet
morphology, and the corresponding SAED pattern (inset of Figure 5.1e) clearly
demonstrates that the highly-crystalline nanosheets have a hexagonal structure with a
[001] crystalline orientation. In addition, the elemental mapping image in Figure 5.4f
demonstrates the homogenous spatial distribution of Ge element in the as-prepared
whole nanosheets.

The successful synthesis of GeH nanosheets with controllable thickness via a chemical
route offer a great advantage for the application of germanene-related 2D materials,
especially for constructing electrodes. Taking an electrode fabricated from a paste
containing GeH nanosheets with an average thickness of about 2.94 nm (1500 rpm) as
a typical sample, the photoresponse performance of GeH-nanosheet (NS) based photo-
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electrode was evaluated by systemic photoelectrochemical measurements under
simulated sunlight irradiation. Since the photoresponse of the GeH photodetector was
not stable in acidic solution (0.5 M H2SO4) or alkaline solution (0.5 M KOH), as
demonstrated in Figure 5.5a-b, neutral solution (0.5 M Na2SO4) was utilized as the
electrolyte for the whole measurement system. Figure 5.6a presents the current density
of the GeH photoelectrode under light and in the dark in the neutral 0.5 M Na2SO4
electrolyte via linear sweep voltammetry (LSV) curves.

Figure 5.5. (a) Photocurrent density of GeH photodetector in 0.5 M KOH under
different external potentials (0 V, 0.3 V, 0.6 V). (b) Photocurrent density of GeH
photodetector in 0.5 M H2SO4 under different external potentials (0 V, 0.3 V, 0.6 V).

Figure 5.6. (a) LSV measurements of GeH in 0.5 M Na2SO4 in the dark and under
light irradiation. (b) Photoresponse of GeH photodetector under external potential
from 0 to 1.0 V in 0.5 M Na2SO4 for seven cycles.
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The GeH working electrode exhibits an anode photocurrent, showing the steady rising
trend of photocurrent density from -0.5 V to 1.0 V. The relationship between
photocurrent density and bias potential was measured under light irradiation, as shown
in Figure 5.7a.

Figure 5.7. (a) Photocurrent density of GeH photodetector under external potential
from 0 to 1.0 V in 0.5 M Na2SO4. Inset: Schematic representation of GeH based PEC
photodetector. (b) Rise time (tr) and decay time (td) of photocurrent density (Ip). (c)
Photocurrent density of GeH photodetector under different power intensities (60, 80,
100, 120 and 140 mW cm-2) at 0 V. (d) Photocurrent density and responsivity as
functions of the power intensity at 0 V. (e) UV-Vis absorption spectrum and
photocurrent density of the GeH photodetector in 0.5 M Na2SO4 under different light
wavelengths (365, 436, 546, 630, 670, and 730 nm) at 0 V.
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The photocurrent density obtained from the as-fabricated GeH electrode increased
from 2.9 µA cm-2 to 10.9 µA cm-2 when the bias voltage changed from 0 V to 1 V,
indicating a bias potential-dependent response of the photocurrent. Such a relationship
is reasonable according to the reported studies, since the external potential could
effectively cause electron-hole acceleration, and separation as well as transportation,
resulting in a higher photocurrent in the circuit. [27] Moreover, it should be noted that
the GeH based PEC detector had a remarkable photoresponse to the simulated sunlight
irradiation without any external bias potential, revealing the possibility of a GeH
photodetector as self-powered device. In order to measure the cycling stability of the
GeH photodetector under different bias potential from 0 V to 1 V, the incident light
was alternatively switched on and off with the power intensity of 100 mW cm-2 (Figure
5.6b). The photodetector shows highly repeatable switched behaviour between the
“on” and “off” states with a time interval of 10 s. In addition, the rise time and decay
time were deduced from one cycle of photoresponse presented in Figure 5.7b under 0
V bias potential, in order to quantitatively evaluate the response speed of the GeH
photodetector. The tr (td) is defined to describe the time interval for the response rising
(falling) from 10% (90%) to 90% (10%), which were calculated as 0.24 s and 0.74 s
using the formula
𝐼 = 𝐼. − 𝐴exp (−𝑡/𝜏)

(1)

(A: scaling constant; τ: relaxation time constant), respectively. [28, 29] The response and
recovery time of the GeH photodetector is relatively competitive when compared with
other PEC-type photodetectors. (See the statistical data in Table S1.)
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Table 5.1. Performance comparison with the nanosheets based photodetectors
reported by others.

Materials

Measurementconditions

Rise time

Ion/Ioff

Responsivity

Ref.
-1

This
work

GeH nanosheets

PEC, 0.5 M Na2SO4, 0 V

0.24 s

9.09

22.36 - 24.06 μA W

TiO2 nanotube

PEC, 0.5 M Na2SO4, 1 V

0.88 s

--

742 mA W

Few-layer BP nanosheets

PEC, 0.1 M KOH, 0 V

0.5 s

256

1.9 - 2.2 μA W

31

Hydrothermal ZnO NRs

PEC, 0.1 M Na2SO4, 0 V

4.9 s

--

--

32

Hydrothermal ZnO NRs

PEC, I /I3 , 0 V

1.7 s

10

19 mA W

Few-layer InSe nanosheets

PEC, 0.2 M KOH, 0 V

5s

--

3.3 μA W

Bi2S3 nanosheets

PEC, 1.0 M KOH, 0.6 V

0.1 s

--

210 μA W

-

-

3

-1

30
-1

-1

33

-1

34

-1

35

In addition to the bias potential, the intensity and wavelength of incident light also
have a considerable impact on the photoresponse of the PEC system, which are worth
investigation. Figure 2c plots the photocurrent density of the GeH detector under
different power densities ranging from 60 mW cm-2 to 140 mW cm-2 at 0 V. It is clearly
observed that the photoresponse is rising from 1.39 µA cm-2 to 3.29 µA cm-2 under
forward light intensity. Further exploration of the photoresponse characteristic in
Figure 2d, it describes the quantitative relationship between the photocurrent density
and the power intensity that is extracted from Figure 2c. The photocurrent density
exhibits a relatively good linear relationship with the light intensity, indicating the high
crystallinity of GeH nanosheets with relatively few traps or defects. Furthermore, to
evaluate the sensing performance of the photocurrent as a function of the light
intensity, the responsivity (R), described as the photocurrent generated per unit power
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of the incident light on the effective area, is introduced. The R is obtained using the
formula:
𝑅 = (𝐼4"%') − 𝐼$25* )/𝑃𝑆

(2)

where Ilight is the current under light illumination, Idark is the dark current, P is the light
illumination intensity, and S refers to the effective illuminated area. The calculated
responsivity under different incident light intensities is presented in Figure 5.7d. As
illustrated in the figure, the GeH based photodetector shows a higher photoresponsivity
in comparison to other PEC-type photodetectors, [36, 37] with around 22–24 µA W-1 in
the range from 60 mW cm-2 to 140 mW cm-2. Besides, the specific detectivity (D*), an
index to evaluate the smallest detectable signal is also calculated to evaluate the
performance of the detector. It could be described according to the following equation:
!

𝐷∗ = (𝑅𝑆 " )/(2𝑒𝐼$25* )7//
(3)
where R is the responsivity, A is the effective area of the photodetectors (S=2 cm2), e
is the electronic charge (1.6 × 10-19 C), and Idark is the dark current. Based on the above
equation as well as the experimental data (Idark = 0.74 × 10-6 A, R = 2.305×10-5 A), the
D* of the GeH based PEC photodetector is calculated to be 6.70 × 107 Jones with the
power intensity of 100 mW cm-2 under 0 V bias potential. Figure 5.7e displays the
photocurrent density of the GeH detector at an illumination intensity of 20 mW cm-2
over the different illumination wavelengths of 365 nm, 436 nm, 546 nm, 630 nm, and
730 nm. The photocurrent density increases from 3.93 µA cm-2 to 6.38 µA cm-2 as the
wavelength increases from 365 nm to 630 nm, and it starts to decrease to 2.58 µA cm2

when the wavelength is over 630 nm. In addition, the dependence of the wavelength

on the photoresponsivity of the PEC-type detector shows a similar trend of that of the
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absorption. The critical peak of the responsivity is at the wavelength of about 600 nm,
strongly corresponding to the maximum absorption peak at about 600 nm in the UVVis spectra. This kind of photoactivity is practically related to the working mechanism
of the optoelectronic device.

[38, 39]

Under visible-light illumination, the photoenergy

at 730 nm is sufficient to lift the electrons directly from the valence band to the
conduction band in the GeH nanosheets, resulting in a rising photoresponsivity. It
should be noted that a higher energy photon does not lead to a consistent high
photoresponse, which may due to the improved absorption of photons and reduced
lifetime of the electron-hole pairs at or near the surface of the GeH nanosheets. [40] We
engaged in further exploration of the cycling stability of the GeH photodetector with
switch “on” and “off” behaviour, since the performance of the PEC-type detector
strongly hinges on the stability of the as-prepared GeH electrode. As shown in Figure
5.8, the photoresponse test was performed on GeH photodetector placed in 0.5 M
Na2SO4 for 1 hour, 1 day and 1 week, respectively. It can be clearly observed that the
photodetector still maintains good on/off characteristics after being placed for one
week, which indicates that the GeH photodetector has extraordinary environmental
stability.
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Figure 5.8. Long-term stability test of the Ge-H photodetector with time duration of 1
h, 1 d, and one week in 0.5 M Na2SO4.
In addition to the cycling stability, the thermal stability of the GeH photodetector are
also investigated, through acquiring the photocurrent at different temperatures ranging
from room temperature (~ 21 oC) to 80 oC (Figure 5.9a). As shown in Figure 5.9a, it is
clearly observed that the response photocurrents at 21 oC, 40 oC, 60 oC, and 80 oC are
nearly the same, indicating good thermal stability of this GeH based PEC electrode.
The relationship between the photocurrent and testing temperature has been further
plotted in figure 5.9b. Furthermore, an in-situ temperature-dependent XRD experiment
was also conducted to further clarify the structural stability of GeH. As shown in
Figure 5.9c, no obvious change was found in XRD pattern from room temperature to
100 oC, indicating the good stability of GeH until the temperature increases to 100 oC.
Based on the aforementioned results, the remarkable photocurrent density, faster rise
(decay) time, and outstanding responsivity of GeH nanosheet guarantee outstanding
advantages for application in visible-light photodetectors.

Figure 5.9. (a) Photocurrent of GeH photodetector under different temperatures (21
o
C, 40 oC, 60 oC, 80 oC) at 0 V. (b) Comparison of the photocurrent for the GeH based
photodetector under different temperatures. (c) In-situ temperature-dependent XRD
pattern of GeH single crystal.
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Based on the tunability of the electronic structure of germanene, the photoresponsive
properties of GeH nanosheets are able to be tuned by controlling the thickness of the
GeH nanosheets. Four different kinds of GeH nanosheets with an average height of
167.3 nm (500 rpm), 22.8 nm (1000 rpm), 2.94 nm (1500 rpm), and 1.54 nm (2000
rpm) were used to connstruct working electrodes, and the corresponding performances
were evaluated under simulated sunlight irradiation, as shown in Figure 5.10a. It can
be found that there is a significant rise in the photocurrent density with decreasing
thickness. Such extraordinary photoactivity of the thickness-dependent GeH
nanosheets could be ascribed to their intrinsic optical and electrical properties.

Figure 5.10. (a) Photocurrent density of GeH nanosheets centrifuged at various speeds
(500 rpm, 1000 rpm, 1500 rpm, and 2000 rpm) under simulated light irradiation. (b)
Average rise time and decay time of four kinds of GeH photodetector. (c) UV-Vis
absorption spectra of four kinds of GeH nanosheets. (d) EIS plots and fitting curves of
four kinds of GeH nanosheets. Inset: Randles equivalent circuit. (Z΄: real part of the
impedance; Z΄́́: imaginary part of the impedance.)
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In order to evaluate the capability of charge separation and diffusion of four kinds of
GeH based photodetectors, the current rise and decay curves (Figure 5.11a-b) deduced
from the aforementioned four kinds of photoresponse cycles are fitted via I = I0 – Aexp
(-t/τr) and I = I0 – Aexp (-t/τd1) – Bexp (-t/τd2). In the formulas, τr, τd1, and τd2 are the
time constants for the rise edges, the fast-response components for decay edges, and
the slow-response components for decay edges, respectively. The fast-response
component (τd1) results from the photoexcited electron-hole recombination, and the
slow-response component (τd2) is associated with the existing trap states that slow
down the recovery time by preventing carrier recombination. [41-43]

Figure 5.11. (a) The photocurrent density as a function of the rise time for the four
kinds of GeH nanosheets: single exponential fit. (b) The photocurrent density as a
function of the decay time for the four kinds of GeH nanosheets: double exponential
fit. (c) Representative Tauc plot of the band-gap energy of the four kinds of GeH
nanosheets.
As the fitting data showed in Figure 5.10b, both the τr and the τd exhibited a shorter
trend when the centrifugation of GeH increased from 500 rpm to 2000 rpm. The results
indicate that GeH nanosheets with 2000 rpm centrifugation possess the the fastest
response speed, which means the charge separate promptly and achieve rapid carrier
transport in photodetectors. This is due to the quantum confinement effect of the twodimensional size. In detail, the reduction in the thickness of GeH nanosheets applied
in the PEC electrode, offers a shorter carrier transport path, thus accelerating the
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migration of yielding photo-electron or hole to the surface. In addition, the ultrathin
thickness allows carriers to be confined to a single or several atomic layers, thereby
reducing cross-layer cross-transport during carrier transfer.

[44, 45]

The intrinsic fast

carrier mobility of 2D GeH also facilitates the separation of photogenerated electronhole pairs. Therefore, the fast separation and diffusion process of electron-hole pairs
guarantees the rapid photo-response of GeH nanosheets reduced from three
dimensions to two dimensions. Under light irradiation, by competition with the
recombination of these photo-generated electrons and holes, a stable photocurrent is
obtained when the amount of photo-induced electrons and the transferred electrons
reach equilibrium. After the light is removed, photo-generated electrons and holes
cease to be generated in GeH, and the photocurrent drops sharply. However, due to the
hysteresis effect of the current, a small part of the retained photo-induced carriers are
still transferring, which may cause the decay time of the photocurrent curve to be
longer than the rising time. More obvious hysteresis effects are normally found in the
electrodes which possessing higher photo-induced current change, which then results
in longer decay time. As shown in Figure 5.10b, the GeH nanosheets electrode
obtained at 1500 rpm has a larger decay time than that of the samples obtained at 500
rpm and 1000 rpm, due higher photocurrent was obtained with the 1500 rpm sample
with thinner GeH nanosheets. It should be noted that the decay time for the 2000 rpm
sample, the thinnest GeH nanosheets sample, is lower than others. The reason might
be that the amount of retained photo-induced carriers in the 2000 rpm sample is much
smaller, due to its ultra-small lateral dimension as well as the small volume (as shown
in Figure 5.12).
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Figure 5.12. The AFM images of GeH nanosheets centrifuged at (a) 2000 rpm and (b)
1500 rpm, which presents a much smaller lateral dimension of GeH nanosheets
centrifuged at 2000 rpm than that centrifuged at 1500 rpm.
In addition to the charge separation and diffusion, light absorption and charge transfer
at the electrode/electrolyte interface are the other two major processes that take place
in PEC-type detector.

[46]

Generally, the light absorption capability is regarded as an

important parameter to determine the efficiency of sunlight utilization, and it further
affects the performance of a photodetector. The optical properties of the centrifuged
GeH nanosheets were investigated by UV-Vis spectra, and the Tauc plot method was
utilized to estimate the optical band gap, as displayed in Figure 5.10c and 5.11c. The
resultant band gaps of 1.69 eV, 1.75 eV, 1.78 eV, and 1.82 eV belong to the
precipitated GeH with 500 rpm, 1000 rpm, 1500 rpm, and 2000 rpm centrifugation,
respectively, implying a trend towards increasing band gap energy with reduced
thickness. For the materials with large band gap, a photon with higher energy (usually
UV light) is required to promote an electron from the valence band to the conduction
band, indicating the inefficient harvesting of visible light. Although the thinner GeH
nanosheets are inferior in terms of visible light harvesting, the synergistic effects of
the above-mentioned three components contribute to the outstanding photocurrent of
the photodetector with thin GeH nanosheets compared with those that have the thick

Chapter 5: Hydrogen Terminated Germanene for a Robust Self-Powered Flexible
Photoelectrochemical Photodetector
83
ones. As for the aspect of charge transfer at the interfacial surface, the electrodes
fabricated with the thinnest nanosheets acquire more intimate contact with the indium
tin oxide (ITO) substrate and a higher interfacial contact area with the electrolyte due
to the huge surface area of the thinnest GeH with 2000 rpm centrifugation.

[47]

This

could further promote fast charge transfer through the external circuit, as confirmed
by the much lower interfacial charge-transfer resistance derived from the
electrochemical impedance spectroscopy (EIS) curves in Figure 5.10d. Obviously, the
charge separation and diffusion as well as the charge transportation play crucial roles
in the synergistic effects, thus leading to the highest photocurrent density of the
thinnest GeH based photodetector. Adjusting the thickness of the GeH nanosheets
would give rise to changes in the response time as well as the interfacial resistance, so
that we could modulate the photoresponse of the PEC-type detector.

To more deeply reveal the electronic properties of GeH nanosheets, the theoretical
calculations of the electronic structure via the Vienna ab initio Simulation Package
(VASP) were conducted.

[48-51]

Figure 5.14a and 5.13a-e show the electronic band-

structures for monolayer, bilayer, four-layer, six-layer, eight-layer, and bulk GeH, and
the calculated band gaps of few-layer GeH nanosheets are summarized in orange
square curve of Figure 5.14b with 1.79 eV, 1.73 eV, 1.68 eV, 1.66 eV, 1.66 eV, and
1.65 eV, respectively, indicating a reducing trend in the band gap with increasing
layers.
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Figure 5.13. Electronic band structure of monolayer (a), bilayer (b), four-layer (c),
six-layer (d), and eight-layer (e) GeH.
The trend in the calculated results with GeH thickness is in agreement with that in the
experiments, and the corresponding values are similar to the experimental energy gaps.
The increasing thickness would enhance the interlayer interaction of GeH nanosheets,
lead to the larger dispersion of the valence bands (conduction bands), and finally result
in a smaller band gap. The band gap would have an impact on the optical lighting
harvesting, while the effective mass would affect the carrier mobility and further alter
the transport properties of the GeH based PEC-type detector. The carrier mobility is
inversely proportional to the effective mass according to the formula:
𝜇 = 𝑞𝜏/𝑚∗

(4)

(µ: carrier mobility, q: charge, τ: scattering time of a charge carrier, m*: effective
mass), and the effective mass is defined as
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𝑚∗ = ℎ/ /(4𝜋 / (ə/ 𝐸/ə𝑘 / )

(5)

(h: Boltzmann constant, E: dispersion relation for the calculated band, k: the reciprocal
lattice vector). The calculated effective masses of GeH with different layers for
electrons (holes) at the conduction band minimum (valence band maximum) are
presented in Figure 5.14b. As can be seen, the effective masses for holes (green stars
curve in Figure 5.14b) become slightly larger with increasing layers of GeH
nanosheets, and the values for electrons (green spherical curve) are nearly the same,
which results in larger effective masses for electrons as well as holes and reasonable,
but slower transportation of carriers. Therefore, the decreasing effective masses of the
thinner GeH nanosheets could improve the carrier transportation and thus enhance the
photocurrent of the PEC-type detector.

Figure 5.14. (a) Electronic band structure of bulk GeH. (b) Comparison of the band
gap values (Orange square curve), electron effective mass (Green spherical curve) and
hole effective mass (Green stars curve) for 1L, 2L, 4L, 6L, 8L, and bulk GeH, where
L = monolayer. Inset: The differential charge density of GeH monolayer, and the
charge density is set to 0.008e. Yellow: charge accumulation region; blue: charge
depletion region.
More importantly, the GeH nanosheets could further be utilized in a flexible
photodetector based on bendable substrates with excellent mechanical flexibility and
durability, indicating that GeH nanosheets are promising candidate for smart and
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wearable optoelectronics. The fabrication of a GeH nanosheeet film through a repeated
spin-coating process on an ITO substrate is schematically described in Figure 5.15a,
and the optical image of the successfully fabricated composite film is shown in Figure
5.15b, which presents excellent flexibility and transparency. In order to achieve a
flexible photodetection system, poly (ethylene terephthalate) (PET) coated with
platinum was used as the bottom electrode, which was integrated with the
aforementioned GeH composite film (Figure 5.15c). The flexibility of the
photodetectors was investigated with respect to different bending angles (0 o, 82 o, and
143 o) under periodic simulated sunlight at the bias potential of 0 V, while the
corresponding photoresponse activity is presented in Figure 5.15d-f, respectively. The
devices presented steady cycles of photocurrent density when bending from 0 o to 143
o

, indicating the good mechanical stability of the self-powered photodetector. The

obtained results illustrated the mechanical flexibility and electrical stability of the
flexible photodetector, paving the way for the construction of GeH-based, selfpowered and flexible photodetectors.

Figure 5.15. (a) Schematic illustration of spin-coating GeH nanosheets on ITO
substrate. (b) Optical image of the bendable device made from GeH nanosheets on the
ITO substrate. (c) Schematic representation of the flexible GeH photodetector in a
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flexed state. I-t curves of the flexible GeH photodetector bent to different degrees of
(a) 0 o, (b) 82 o, and (c) 143 o under a bias potential of 0 V under simulated sunlight.

5.4. Conclusion
In summary, GeH single crystal was successfully synthesized on a large scale via
topochemical deintercalation, with a direct band gap at around 1.66 eV. They were
thus first applied in a visible light PEC-type detector, and offered an outstanding
platform to achieve effective sensing performance. The high quality of the crystalline
GeH nanosheets with a highly [001] preferred orientation was identified by XRD and
SAED, in which sharp diffraction peaks of their (002) and (004) facets, and clear
hexagonal diffraction patterns could be observed, respectively. When using the
exfoliated GeH nanosheets as photoanode of PEC-type photodetector, it exhibited
excellent photocurrent density and outstanding responsivity as well as a short response
time, compared with other PEC-type photodetectors tested under the same
experimental conditions. Moreover, GeH nanosheets with a diverse thickness
distribution were obtained through the centrifugation method, and the thicknessdependent photoresponse performance of GeH nanosheets was investigated. The
performance of the PEC detector could be efficiently tuned via the thickness of the
GeH nanosheets, due to the different synergistic effects of efficient visible light
harvesting, fast electron-hole separation, and improved interfacial charge transfer.
Furthermore, the GeH based flexible photodetector showed outstanding flexibility and
stability at 0 V bias, laying the foundation for a further wearable application system.
This work opens a new avenue to GeH nanosheet based PEC-type detectors, and thus
contributes to promising investigations and applications for GeH based Xene
nanomaterials as photoelectrodes.
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Chapter 6
6. Germanene nanosheets: achieving
superior sodium-ion storage via pseudointercalation reactions
6.1. Introduction
Sodium-ion batteries (NIBs) have been intensively studied recently as it is a promising
inexpensive, safe, and environment-friendly alternative to lithium-ion batteries (LIBs),
which take the advantages of the abundance of Na source, low-cost, and low reduction
potential. Challenges remain, however, in design and exploration of the reliable
electrode materials, especially, anode materials, for NIBs. As one of the most
promising anode materials for rechargeable ion batteries, germanium (Ge) has been
widely studied in LIBs due to its excellent electrical conductivity, and considerable
storage capacity via the reversible alloying-dealloying reaction.

[1-6]

High retention

capacity and good rate capability have been reported in LIBs anodes. The intuitional
experience suggests that Ge would be also suitable as an anode material for NIBs.
Nevertheless, unlike lithium ions, sodium ions present much slower diffusivity at the
room temperature in crystalline Ge. [7, 8] This is because large radius of Na+ (0.98 Å)
lead to a high activation energy for hopping between interstitial sites in Ge lattice. [9,
10]

Moreover, accommodation of large Na ions in the limited lattice space results in

unavoidable structural change and the significant volume expansion during the
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charge/discharge cycle in bulk Ge. [11-14] It is greatly challengeable to unlock the full
potential of Ge anode for high-performance NIBs.

Inspired by the strategies of using graphene to replace graphite in the highperformance rechargeable batteries,

[15, 18]

the two-dimensional (2D) germanium

allotrope, namely germanene, is expected to be a potential high-capacity host in Naion secondary batteries instead of the bulk Ge owing to its large surface area, high
mechanical flexibility and fast electron mobility.

[19]

Recently, hydrogenated

germanene (GeH) nanosheets via topochemical deintercalation has been successfully
prepared, which shares the similar 2D layered structure to germanene.

[20- 22]

By

thermal dehydrogenation, few layer germanene can be obtained. Its 2D layered
structure, conductivity and chemical stability are very similar to epitaxial germanene.
In addition, defect engineering by dehydrogenation will create defect sites on the
surface, which would benefit to the conductivity of germanene used as electrodes. [23]
Moreover, DFT simulation studies indicated that the 2D germanene possesses robust
lattice structure and would not degrade mechanically as an electrode material.

[24]

These distinct features of 2D germanene hold great promise in realizing feasible
germanene-based anodes for NIBs. All these unique structural and electronic
properties of germenene nanosheets are quite promising for highly efficient anode
materials in NIBs but such the study has not been reported yet.

In this work, germanene nanosheets were prepared via thermal dehydrogenation of 2D
GeH single crystal. Given to its 2D nature, high cycling performance is expected by
taking advantages of short diffusion path of electron/ion.

[25-27]

Furthermore, the
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layered structure not only exhibits large specific surface area with abundant active
sites, but also promises to avoid volume expansion in charging/discharging process.
[28, 29]

The defect sites can also serve as accommodation sites to host Na+ ions, which

in turn enhance the storage capacity.

[30]

When served as anodes for sodium-ion

batteries, the germanene anode delivers an initial capacity of 695 mAh g-1. It exhibits
excellent cycling performance (315 mAh g-1 after 50 cycles) and rate capacities, as
compared to these of GeH nanosheets (197 mAh g-1 after 50 cycles) and bulk Ge (129
mAh g-1 after 50 cycles). A lower activation energy for Na+ ions migration which leads
to fast Na-ion diffusivity and high Na-storage capacity is also observed. Combined
with DFT calculation, the germanene anode is proven to undergo a pseudointercalation mechanism in charge/discharge processes instead of alloying/dealloying
mechanism in bulk Ge anodes. Such distinctive electrochemical performance of
germanene nanosheets provides a new sight into developing potential anode materials
in various rechargeable batteries, especially for NIBs.

6.2. Experimental Section
6.2.1. Materials
Germanium (Ge), Calcium (Ca), Hydrochloric acid (HCl), Ethonal (C2H5OH),
methonal (CH3OH).

6.2.2. Materials Preparation
Synthesis of Germanene single crystal, GeH single crystal and Ge particles has been
described in details in Chapter 3.3.
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6.2.3. Characterization
XRD was conducted on the fabricated (PANalytical diffractometer) with Cu Kα
radiation at a step size of 0.02o s-1. The morphologies and crystal structures were
detected by a field emission scanning electron microscopy (FESEM, JEOL SJSM7500FA), and transmission electron microscopy (TEM, JEOL JEM-2011F, 200 kV).
A Leica DM6000 microscope was used to collect the optical images. Raman spectra
for the specific mode was detected using a laser at 532 nm excitation via a Nanofinder
system. XPS with monochromatic Al Kα radiation was employed with a Kratos Axis
Supra Photoelectron Spectroscopy. To compensate for samples analysing, all spectra
were correctly calibrated against the C 1s adventitious carbon peak at 284.6 eV. The
thermal decomposition of the sample was performed on a Mettler Toledo
TGA/SDTA851 instrument ranging from 50 oC to 520 oC at a rate of 5 oC/min.

Other characterizations such as working electrode preparation and PEC measurements
as well as computational methods are described in details in Chapter 3.4 and Chapter
3.5.

6.2.4. Computational Method
All calculations are obtained through a simulation based on density functional theory,
which is implemented in the Vienna Ab initio Simulation Package (VASP). [7-10] VASP
implements the DFT in the Kohn−Sham formulation using a plane-wave basis and the
projector-augmented wave formalism (PAW).

[11, 12]

Ge 4s24p2, H 1s1 and Na 3s1

electrons were treated as the valence electrons in the PAW potentials. 500 eV cutoff
energy of plane wave basis set was used. The 10-5 eV energy convergence standard to
achieve the ground state structure. 3*3*1 k-points were used in surface structure
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calculation. Thus a 3*3*3 k-point mesh was used in bulk structure calculation. We
used the climbing-image nudge elastic (CINEB) method to calculate the sodium ion
diffusion barrier.

[13, 14]

The CINEB method is an effective method to determine the

minimum energy diffusion path between two given positions. We used 5 images
(between the two most stable adsorption sites in a 3*3*1 supercell) for CINEB
calculation. All atoms were fully relaxed during structural relaxation until the atomic
forces were smaller than 0.02 eV/Å on each atomic site in diffusion calculation.

6.3. Results and Discussion
Figure 6.1a shows the sequence of structural transitions from 2D GeH nanosheets to
germanene naonsheets and then Ge particles with increasing temperature. In brief, the
precursor GeH nanosheets were prepared by a topochemical deintercalation of Zintl
phase CaGe2 at low temperature,

[31]

which were then annealed at 270 oC to remove

the H layers, resulting in the formation of germanene (Figure 6.2 and 6.3). With
subsequently annealing at a higher temperature for 1 h, the germanene nanosheets were
finally reacted into Ge particles. The SEM image of bulk GeH single crystal (Figure
6.1b) exhibits the unique morphology of a layered compound, which are then
exfoliated into ultrathin, electron-transparent flakes after ultrasonication, as shown in
Figure 6.1c. The high resolution transmission electron microscopy (HRTEM) image
(Figure 6.1d) clearly demonstrates the average lattice spacing of the GeH nanosheets
is 0.332 nm, and the selected area electron diffraction (SAED) patterns inset further
exhibits the crystalline lattice with hexagonal structure with along the [100] zone axis.
Besides, as indicating in Figure 6.1d, the Ge-H is sensitive to the electron beam under
electron irradiation, leading to the amorphous region of nanosheets. After the gentle
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annealing, the H layers were extracted out of the GeH due to the dehydrogenation
during heating, which the insufficient binding of Ge-H bond could be break and H
atoms were released from the lattice, leaving the layer-structured germanene. [23] The
characteristics of the germanene nanosheets were also investigated. TEM image
displayed in Figure 6.1e confirm the ultrathin flakes of the exfoliated germanene
nanosheets. Meanwhile, the HRTEM images of cross sectional germanene in Figure
6.1f reveal that the nanosheets process a strongly layered structure with a repeating
periodicity of 3.2 Å. The interlayer spacing of germanene nanosheets on (001) crystal
plane is measured to be around 0.340 nm in Figure 6.1g, which is ascribed to the (110) crystal plane. Furthermore, the inset SAED pattern clearly demonstrates the
hexagonal structure with a [00-1] crystalline orientation in the highly-crystalline
nanosheets, which is matched well with the changed structure of germanene in Figure
6.1a. The Ge nanoparticles were further synthesized with continue increase of the
heating temperature, and meanwhile the new bonds were formed between layered Ge
atoms, changing the materials from 2D nanosheets to 3D nanoparticles. The
corresponding SEM image shows the individual crystalline Ge particles (Figure 6.1h),
which is further confirmed by the TEM image with the annealed particles (Figure 6.1i).
The HRTEM image and the corresponding fast Fourier transform of Ge particles also
demonstrate the cubic crystalline structure with d-spacing of 0.326 nm, indexing to the
Ge (111) planes, as shown in Figure 6.1j.
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Figure 6.1. The synthesis and characterization of GeH, germanene and Ge
nanomaterials. (a) Procedure of GeH, Germanene and Ge synthesis and their
corresponding structures; (b) SEM image of GeH single crystal; (c) TEM image of
GeH nanosheets; (d) HRTEM image of GeH nanosheets. Inset: SAED of GeH
nanosheets. (e) TEM image of Germanene nanosheets; (f) Cross sectional HRTEM
image and corresponding FFT pattern of germanene nanosheets; (g) HRTEM image
of Germanene nanosheets. Inset: SAED of germanene nanosheets;(h) SEM image of
Ge particles; (i) TEM image of Ge;(j) HRTEM image of Ge nanoparticles. Inset: FFT
pattern of j.

Chapter 6: Germanene nanosheets: achieving superior sodium-ion storage via pseudointercalation reactions
100

Figure 6.2. Optical images of GeH single crystal (a) and corresponding high
magnification image (b) of the framed area; Optical images of Germanene single
crystal (c) and corresponding high magnification image (d) of the framed area.

Figure 6.3 (a) Low magnification SEM image of Germanene single crystal; (b) High
magnification SEM image of Germanene single crystal.
To further confirm the change of composition and structure of GeH during the
annealing procedure, the X-ray diffraction pattern (XRD), Raman spectroscopy, X-ray

Chapter 6: Germanene nanosheets: achieving superior sodium-ion storage via pseudointercalation reactions
101
photoelectron spectroscopy (XPS) as well as thermogravimetric analysis (TGA) on the
GeH, germanene and Ge were adopted. As performed in Figure 6.4a, XRD patterns
show that GeH and germanene obtain a hexagonal structure, and the Ge have a facecentred cubic structure, which is in agreement with the experimental SAED result. The
GeH single crystal exhibits one sole intensive peak as well as one relative weak peak
in the XRD pattern, indexing to its (002) and (004) peak (JCPDS Card NO. 01-0835188). Then, the (002) peak of GeH single crystal broadened and upshifted
significantly toward a higher 2θ angle of 28.2o with increasing heating temperature.
The newly emerged high-angle (002) diffraction pattern is typical for most reported
germanene grown on substrates by STM studies, further indicating that the GeH single
crystal has completely converted to germanene with rich H defects structure. [32, 33] In
addition, the d002 (the average interlayer spacing between sheets) of germanene is
calculated to be 3.2 Å, which is consistent with the experimental result in Figure 6.1f.
Raman spectra of GeH, germanene and Ge are displayed in Figure 6.4b, vibration
mode A1g (out of plane) at 226 cm-1 of GeH is observed to be disappeared after thermal
treatment, implying the elimination of the H layers due to the insufficient bonding.
Mode E2g (in-plane) at 303.2 cm-1 (inset image of Figure 6.4b) of GeH has downshifted
compared to the Ge-Ge stretching mode located at 297.1 cm-1 of 3D crystalline Ge. In
addition, it is observed that the Raman spectra of germanene exhibits a significantly
red-shifted peak at around 292.8 cm-1 compared with the pristine GeH single crystal,
which is in good agreement with the calculated and experimental vibrational results.
[34, 35]

The XRD data and Raman spectra indicate the preserved hexagonal layered

structure of germanene with rich H defect and gradually changed into cubic structure
of Ge during the increasing annealing treatment. To further clearly confirm the impact
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of temperature increase on the defect formation and structure change, the Germanium
element (Ge 3d) XPS for three different samples were presented in Figure 6.4c and
Figure 6.5. The intense peak, centred at a binding energy of 29.2 eV and 29.8 eV, can
be attributed to Ge 3d5/2 and Ge 3d3/2 components, the charge state of elemental
germanium in GeH. In comparison, a shift in the binding energy of Ge particles at Ge0
3d5/2 (29.1 eV) and Ge0 3d3/2 (29.7 eV) are expected due to the more electronegative
property of hydrogen than germanium.

As for the XPS spectra of germanene

nanosheets, the Ge 3d spectra consist of peaks locate at 28.9 eV and 29.4 eV that
ascribed to 3d5/2 and 3d3/2 component, respectively. The deconvolution of these peaks
exhibits a shift to a lower binding energies by ~ 0.3 eV with respect to the spectra
position of the GeH, which is corresponding to the defective germanene. [36, 37] Besides,
a small amount of surface oxidation shows a mixture of germanium oxidation states
(GeO and GeO2), as evidenced in the image. TGA (Ar condition, 5 oC/min) was also
performed to investigate the content of GeH during the thermal treatment, as shown in
the Figure 6.4d. It can be observed that the GeH has an initial mass loss around 100
o

C due to the evaporation. After that, the TGA displays about ~1% mass loss in the

range of 170 oC to 340 oC, which is nearly equivalent to the mass loss of hydrogen in
GeH. Compared with the XRD analysis result in Figure 6.4a, it could be proved that
thermal decomposition product of GeH is the germanene with rich H defect. The third
stage of weight loss could be probably ascribed to the loss of Cl. [38]
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Figure 6.4. Structure and composition of GeH single crystal, Germanene single
crystal, and Ge particle. (a) XRD pattern; (b) Raman spectra of these three materials
deposited on Si/SiO2 substrate; (c) XPS spectra of the Ge 3d spectra region; (d)
Thermogravimetric analysis curve of GeH nanosheets.

Figure 6.5. Analyse of XPS binding energy at Ge 3d region of GeH single crystal,
Germanene single crystal, and Ge particle.

Chapter 6: Germanene nanosheets: achieving superior sodium-ion storage via pseudointercalation reactions
104
The electrochemical performances of the ultrathin GeH nanosheets, germanene with
rich H defects as well as Ge particles were investigated using a coin-type half-cell test
system with Na metal foil as counter electrode. The sodium ion storage performance
of GeH, germanene and Ge was firstly characterized by cyclic voltammetry (CV) at a
scan rate of 0.1 mV/s. As shown in the Figure 6.6a-c, the first cathodic curves of the
all Ge-based materials are obviously different from their subsequent cycles, which
could be corresponding to the formation of solid electrolyte interphase (SEI) film due
to the decomposition of electrolyte in the initial cycling.CV curves of GeH (Figure
6.6a) and germanene nanosheets (Figure 6.6b) show well-defined redox peaks,
whereas there are no distinctive redox peaks on either the anodic or the cathodic
sweeps of the Ge particles (Figure 6.6c), indicating the different sodium-ion storage
mechanism in nanosheets (germanene and GeH) (pseudo-intercalation) and Ge
particles (alloying-based mechanism), which is confirmed by experimental data and
density functional theory simulation.

[24, 39-40]

During the first discharge process,

germanene (Figure 6.6b) possesses a broad peak centred at about 0.2 V with larger
current density and bigger integral area than that of GeH implying more sodium ions
inserted into germanene, which is due to the remove of hydrogen atoms can create
abundant active sites to store sodium ions. In the subsequent charge process of
germanene, two broad peaks located at 0.7 V (peak 1) and 1.1 V (peak 2) can be
observed, referring the multistep deintercalation of sodium ions. While the CV curves
of GeH nanosheets exhibit only one pair of well-defined redox peaks located at 0.005
V in the negative scan, and 0.7 V in the positive process, which is due to the hydrogen
atoms may occupy active sites or hinder the sodium diffusion in GeH nanosheets.
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Notably, the CV curves of GeH and germanene overlap very well in their following
cycles, suggesting their good electrochemical reversibility.

Figure 6.6. Electrochemical performance of GeH, germanene, Ge based sodium-ion
battery. (a) Cyclic voltammetry curves of GeH between 0.01 and 2 V with a scan rate
of 0.1 mV/s; (b) Cyclic voltammetry curves of Germanene between 0.01 and 2 V with
a scan rate of 0.1 mV/s; (c) Cyclic voltammetry curves of Ge between 0.01 and 2 V
with a scan rate of 0.1 mV/s; (d) The initial charge/discharge voltage proﬁles of
Germanene, GeH and Ge at a rate of 100 mA g −1; (e) Cycling performance of
Germanene, GeH and Ge at a current density of 100 mA/g ; (f) Comparison of rate
capability of the Germanene, GeH and Ge.
Figure 6.6d presents the galvanostatic charge-discharge profiles of germanene
nanosheets, GeH nanosheets and Ge particles. Among them, the ultrathin germanene
nanosheets displayed the highest initial discharge capacity of 695 mAh g-1 at 0.1 A g1

, compare to 490 mAh g-1 of GeH ultrathin nanosheets and 296 mAh g-1 of Ge

particles, which is consistent with CV curves. The initial coulombic efficiency is
60.8% for germanene, 48.8% for GeH and 49.6% for Ge nanoparticles, demonstrating
that germanene has the lowest irreversible capacity loss which is attributed to the
irreversible formation of the SEI layer, and is expected to obtain better cycling
stability. [41] In the successive cycles shown in Figure 6.7, there is a big smooth slope
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between 1.0 and 0.2 V, and an extremely long plateau below 0.2 V in the germanene
sample discharge profiles (Figure 6.7b). However, the plateau below 0.2 V is small,
and the slope is big for Ge nanoparticles, in which the difference mainly arises from
the different sodium storage mechanisms. For Ge nanoparticles, it is based on alloying
mechanism to generate NaxGe. For germanene and GeH nanosheets, the sloping region
reflects the edge adsorption/desorption charge storage mechanism, which is similar to
capacitance behavior, whereas the plateau region at low potential corresponds to Na+
ion storage via intercalation. Moreover, germanene possesses higher percentage of
plateau region at low potential, indicating that more sodium ions can intercalate into
germanene nanosheets due to the removal of H atoms. This agrees well with the CV
examination. Hence, germanene is expected to achieve high capacity and excellent rate
performance.

Figure S4. (a) Charge/discharge voltage proﬁles of GeH with different cycles at a rate
of 100 mA/g; (b) Charge/discharge voltage proﬁles of Germanen with different cycles
at a rate of 100 mA/g; (c) Charge/discharge voltage proﬁles of Ge with different cycles
at a rate of 100 mA/g.
The cycling and rate performance of ultrathin germanene nanosheets, GeH and Ge
nanoparticles are displayed in Figure 6.6e and Figure 6.6f. In Figure 6.6e, the capacity
of germanene is maintained at 315 mAh g-1 at the current density of 0.1 A g-1 after 50
cycles, which is much higher than that of GeH nanosheets of 197 mAh g-1, and Ge
nanoparticles of 129 mAh g-1.The low capacity of Ge-based NIBs could be explained

Chapter 6: Germanene nanosheets: achieving superior sodium-ion storage via pseudointercalation reactions
107
the anode material suffers morphology pulverization during the alloying/dealloying
process thus leading to a rapid capacity fading.

[11]

Besides, the rate performance of

2D germanene nanosheets, GeH nansheets and 3D Ge particles were evaluated under
different current densities of 0.05, 0.1, 0.2 and 0.5 A g-1, as presented in Figure 6.6f.
As expected, the ultrathin germanene nanosheets exhibit significantly superior rate
capacity compared to GeH nanosheets and Ge particles, which can remain 342mA h
g-1 at the current density of 500 mAg-1. Among all compounds, the germanene exhibits
the best cycling performance and rate capacity. The dramatically enhanced
electrochemical performance of germanene should be associated with ultrathin
structure and the rich H defects in the germanene nanosheets. On the one hand, the 2D
ultrathin nanostructure of germanene could remarkably extend the intimate interfacial
contact, and effectively facilitate the transport of electron/ion. One the other hand, the
generated H defect-rich structure of germanene can induce plenty of active sites on the
surface and edge boundaries of nanosheets for Na-storage, which could accelerate the
absorption of Na+.

[42, 43]

Moreover, the defect-rich structure could also shorten the

diffusion pathway of Na+ into/across the interfaces and nanosheets. Overall, the
synergistic effect between the ultrathin properties and the defect-rich structure in the
2D germanene nanosheets lead to the outstanding capacity and superior rate
performance.
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Figure 6.8. Mechanism characterization and DFT calculations of germanene based
sodium-ion battery. (a) Cyclic voltammetry curves for the first cycle between 0.005 V
and 2 V with a scan rate of 0.1 mV/s; (b) Charge-discharge profiles for ex-situ XRD;
(c) Ex-situ XRD patterns of germanene at different charge and discharge status
between 1.5 and 4.2 V (100 mA/g) and local amplification of XRD patterns
corresponding to the (002) peak; (d) Ex-situ Raman spectra for the first sodium
insertion and extraction into germanene nanosheets and the local amplification of
Raman soectra corresponding to the E2g mode; (e) Comparison of diffusion energy
barriers for the Na adatoms in bulk Ge, bulk GeH, surface GeH, bulk GeH with H
defect and surface GeH with H defect; Top view of Na+ diffusion in the (f) bulk GeH,
(g) bulk GeH with H defect, (h) surface GeH, (i) surface GeH with H defect (BH: bulk
hollow; SH: surface hollow); (j) Schematic representation of the intercalation
mechanism of germanene anode electrode based NIBs.
In order to better understand the storage mechanism of defect-rich germanene
nanosheets, ex-situ XRD and ex-situ Raman were conducted to reveal the reversible
sodiation/ desodiation process shown in Figure 6.8. The structural change of
germanene by ex-situ XRD analyse at different charge and discharge status is
presented in Figure 6.8a-c. The defect-rich germanene nanosheets anode is operated
in the voltage windows of pristine, 0.2 V (discharge), 0.005 V (discharge), 0.8V
(charge) as well as 2V (charge), which is colour-marked in different phase
composition. Figure 6.8c shows the XRD patterns of germanene anode during cycling,
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at its initial stage, the peaks at around 27.8o comes from the germanene, while the
peaks at 43.3o and 50.4o corresponds to the Pt reference. When the germanene is
discharged at 0.2 V (as indicated in the CV curve in Figure 6.8a), there are almost no
change by comparison with the XRD patterns of pristine germanene. Evidently, even
when the germanene is discharged to 0.005 V, the peaks could be still indexed with
the hexagonal germanene structure. During the charge process at 0.8 V and 2 V, all
the diffraction patterns could correspond to germanene and Pt reference. Obviously,
the local amplification of XRD pattern between 22o to 32o could be deconvoluted into
two peaks, assigning to (002) peak of germanene (blue one) and (111) peak of cubic
Ge (pink one), and the generation of (111) peak of crystal Ge may be due to the partial
crystallization during the insertion/extraction, without the shifting of (111) peak during
the charge/discharge process. Moreover, the (002) peak has shifted to the left during
the discharge process because of the intercalation of Na+ into defect-rich germanene
nanosheets, and after the extraction of Na+ from the germanene nanosheets, the (002)
peak has shifted back to the right. Such results clearly indicate that the sodium storage
of germanene is based on intercalation mechanism rather than alloying mechanism,
which may be resulted from the large interlayer spacing of ultrathin germanene
nanosheets that provides enough space for Na+ migration and transportation, and it’s
further confirmed by ex-situ Raman spectroscopy, showing in Figure 6.8d. As the
potential is tuned from open circuit potential (OCP) down to 0.005V during the
discharge process, the E2g mode splits significantly into two components, with the
position of one peak is remain stable and another position of peak shifts to a slightly
higher frequency. The stiffening of E2g mode could be attributed to the increase of the
force constant of in-plane Ge-Ge bonds in the vibrational mode.

[44]

As the potential
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increases from 0.005 V to 2.0 V during charge process, the E2g mode has shifted back
to its original position. Besides, after the long-term cycling, the germanene nansheets
have maintained its morphology (Figure 6.9), suggesting the highly revisable and
stable structure.

Figure 6.9. TEM image of long-cycled germanene nanosheets at a current density of
100 mA/g, inset: TEM image of germanene nanosheets before the long cycles.
Previous literatures illustrate that the introduction of defects could effectively induce
the active sites on the nanosheets, [45, 46] which may affect the migration pathways as
well as the diffusion barriers of Na ion. As is known to all, the diffusion of Na ion
inside 2D nanosheets plays a crucial role in the battery performance. To elucidate how
the layered structure and defects impact positively on the storage capacity for the Na
battery, first-principles calculations are performed to qualitatively describe the
diffusion of sodium atoms in the GeH bulk phase (with and without H defect), the GeH
surface (with and without H defect), and the Ge metal. The diffusion of sodium in the
material occurs between the most stable adsorption sites. From the adsorption energy
calculation, among different adsorption sites of bulk structures in Figure 6.10 and
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Figure 6.11, bulk hollow (BH) has lowest adsorption energies, 0.153 eV and -1.336
eV for without and with H defect. In different surface adsorption configurations in
Figure 6.12, surface hollow (SH) has lowest adsorption energies, 0.465 eV and -1.198
eV for without and with H defect. The lowest adsorption energies demonstrate that the
existence of hydrogen defects makes sodium more stable in GeH. Furthermore, in the
hydrogen-containing defect GeH, sodium does not occupy the H defect site among
these adsorptions, but the presence of H defect in the material can reduce the
adsorption energy of sodium atom, making sodium atom more stable in GeH. The most
stable site of sodium atom in metallic germanium is the tetrahedral site (T-site) which
has been reported. [47] Therefore, sodium atoms diffuse between two adjacent SH sites
on the GeH surface and two adjacent BH sites in the bulk GeH and two adjacent Tsites in Ge metal, as shown in Figure 6.8f-i and Figure 6.13. In order to further study
the difficulty of the diffusion of sodium atoms between these sites, we used the CINEB method to calculate the diffusion energy barrier between these sites. The result
can be seen in Figure 6.8e. The diffusion energy barrier of sodium in germanium is the
highest at 0.77 eV which closes to the 0.78eV the literature. [47] Sodium atom has the
lowest diffusion energy barrier in the bulk GeH containing H defect. The diffusion
energy barriers of sodium atoms in bulk GeH are 0.27 eV (without defect) and 0.09
eV (with H defect). The diffusion energy barriers of sodium atoms in the bulk GeH
are 0.16 eV (without H defect) and 0.1 eV (with H defect). The existence of H defects
can reduce the diffusion energy barriers of sodium atoms in GeH. H defect reduced
the diffusion energy barrier of sodium atoms in the GeH bulk phase by 0.18 eV and
on the GeH surface by 0.06 eV. As can be seen in Figure 6.8f and Figure 6.8g, the
presence of bulk H defect will also change the diffusion path of sodium atoms. In the
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diffusion of sodium atom between the two BH sites of bulk GeH containing H defect,
sodium atom will pass through the H defect site. On the other hand, sodium diffuses
straightly between the two BH sites in the bulk GeH without H defect.

Figure 6.10. Adsorption energies of sodium diffusion in different sites of bulk GeH.

Figure 6.11. Adsorption energies of sodium diffusion in different sites of bulk GeH
with H defect.
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Figure 6.12. Adsorption energies of sodium diffusion in different sites of surface GeH
without and with defect.

Figure 6.13. (a) Top view of Na+ diffusion in the bulk Ge; Side view of Na+ diffusion
in the (b) bulk Ge, (c) bulk GeH, (d) bulk GeH with H defect, (e) surface GeH, (f)
surface GeH with H defect.

6.4. Conclusion
In summary, Ge-based nanostructures with controlled morphology, chemical structure
and composition have systematically evolved from GeH, to germanene and Ge
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particles. Importantly, the germanene architecture, employing 2D nanosheets with
preserved hexagonal structure, was and firstly applied to storage sodium ions, which
offers the highest reversible capacity and excellent rate capabilities than GeH
nanosheets and Ge particles. Based on discharge-charge profiles and CV curves, exsitu XRD and Raman characterizations, as well as theoretical simulations, it is
innovative that germanene demonstrates the intercalation-based mechanism for
sodium ions storage. Its superior electrochemical performance is attributed to
synergistic effect of defect-rich ultrathin 2D structure and the lowered energy barrier
of Na diffusion in germanene. The systematic investigation creates in-depth insights
to construct germanene nanosheets, guiding potential applications for practical
electrochemical energy conversion and future battery technologies.
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Chapter 7
7. General Conclusions and Outlook
7.1. General Conclusions
In this doctoral thesis work, the preparation strategies of germanene and functionalized
germanene (mainly GeH) and their related excellent mechanical properties were
summarized. The applications in PEC-type detector and NIBs, including experimental
results and theoretical calculations, were systematically investigated, leading to a
better understanding of germanene based nanomaterials for the application in energy
storage and conversion.

To fully understand the properties of GeH nanosheets, the optical microscopy, SEM,
TEM, and Raman spectroscopy were utilized to prove the large size and purity of the
suspended GeH nanosheets that exfoliated via a solution-processing method. The
mechanical properties of GeH nanosheets have been explored by nanoindentation
method through AFM contact mode, and the result showed that few layers of GeH
nanosheets have Young’s modulus of around 0.36 TPa, comparing with the values of
GO monolayer. The deep understanding of mechanical properties of GeH nanosheets
paves the way for developing its applications in the area of flexible electronics and
sensors.

Apart from the competitive mechanical properties, it is revealed that GeH single
crystal maintains both high electron mobility a direct energy band gap of around 1.66

Chapter 7: General Conclusions and Outlook

119

eV. Based on that consideration, the exfoliated GeH nanosheets were first applied as
photoanode of PEC-type photodetector, which presented excellent photocurrent
density and outstanding responsivity, comparing with other PEC-type detectors
measured under the same conditions. Besides, it is also investigated that the PEC
detector's performance could be effectively tuned by the thickness of GeH nanosheets,
attributing to the synergistic effects of efficient visible light-harvesting, fast electronhole separation, and improved interfacial charge transfer. Moreover, the GeH
nanosheets could be utilized as a flexible photodetector device, presenting excellent
flexibility and stability. These discoveries provide strong prospects for the GeH based
Xenes nanomaterials as a promising candidate for developing practical PEC-type
photodetectors and flexible devices.

With further investigation into the GeH nanosheets, it is found that the
dehydrogenation process would happen under an inert atmosphere, evolving from
GeH, to germanene and Ge particles with controlled morphology and chemical
structures. Considering the 2D nature, improved conductivity, and the introduced
defects of germanene, it was first used to store sodium ions, illustrating the highest
reversible capacity and excellent rate capabilities than that of GeH nanosheets Ge
particles. It is also demonstrated germanene expresses a pseudo-intercalation
mechanism during the charge/discharge process via experimental exploration and
theoretical simulations. The superior electrochemical performance is attributed to the
synergistic effect of defect-rich ultrathin 2D structure and Na diffusion's lowered
energy barrier in germanene. The constructions of germanene based NIBs provide new
insight into potential applications for practical electrochemical energy conversion and
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future battery technologies.

Clearly, the relatively competitive mechanical properties, high carrier mobility, and
strong light-matter interaction have ensured the GeH to be fabricated as a robust PECtype photodetector, which could be further extended to a flexible device. Furthermore,
the sodium storage properties of dehydrogenated GeH, called germanene, have been
explored, presenting enhanced cycling performance and outstanding rate capacities
with a pseudo-intercalation mechanism.

7.2. Outlook
2D germanene nanosheets have paved the way to the further modification and
application of germanium-based 2D nanomaterials based on both theoretical and
experimental investigations due to its low-buckle honeycomb structure, a strong
QSHE, and a tunable energy gap. Even so, challenges still exist, regardless of the
significant progress on germanene-based materials that has been implemented. The
insufficient progress in facile synthesis method for germanene and functionalized
germanene is one of the greatest difficulties, limiting the advances in experiments for
the support of most theoretical predictions. For example, the low temperature synthesis
condition and the appropriate organic solvents are expected to optimize for the sake of
more functionalized germanene. So far, epitaxial growth via substrates and topotactic
deintercalation is the available physical and chemical preparation approaches,
respectively. Large-scale functionalized germanene has been successfully synthesized
through topotactic deintercalation. However, the byproducts or the foreign atoms
would be introduced inevitably to the germanene-based nanosheet. The
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incompatibility between large-scale production and the need for high purity has
presented a challenge to its application. For instance, the unexpected Ge-Cl bond is
also introduced into the final product while preparing for the germanane, which results
in a lack of photoluminescence. Additionally, more organic-terminated ligands of
germanene are explored for the need of more stable germanene-based 2D
nanomaterials due to the current functionalized germanenen are prone to
amorphization. Therefore, it is necessary to design and synthesis rational in order to
obtain the desired structure features of functionalized germanene for the specific
application, such as element doping, stain inducing. The characterization
measurements should also be improved to help us understand germanene and
functionalized germanene, which is useful to establish a quantitative and systematic
framework of various functionalization techniques and formation mechanisms.
Ultimately, the physical and chemical character, including mechanical, optical,
electronic and thermal properties, are encouraged to be experimentally measured with
an extensive effort, which is applicable to realize their utilization in corresponding
fields such as field-effect transistors, electrocatalyst as well as batteries. With the rapid
development of intensive research on this unique class of 2D nanomaterials, it is very
much expected that large-scale, high-purity germanene-based materials can be
prepared for use in the next generation of electronic, optoelectronic, and thermoelectric
applications.

Generally, there is still a long way to fully understand the electronic and structural
properties of germanene-based nanomaterials and build an intelligent application
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system in the area of energy conversion and storage. This research aims to pave the
way for the promising applications relevant to batteries, optoelectronics, and sensors.
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